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Department of Mechanical and Industrial Engineering 
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ABSTRACf 
The presence of oil in refrigeration and air conditioning systems reduces the vapor pressure 
of pure refrigerants and significantly affects the thennodynamic properties of the mixture. 
This paper presents equilibrium pressure-temperature-concentration data experimentally 
measured for four refrigerant-oil mixtures. Baseline data are obtained for mixtures of 
R-I21naphthenic mineral oil and R-I2/paraffmic mineral oil. These data are compared with 
results obtained for mixtures of R-134a/ester oil and R-134a/polyalkylene glycol (PAG). 
The solubility effects of synthetic lubricants in R-134a are less than for R-12 and mineral 
oils. Using the experimental data, empirical models are developed to predict the solubility 
relations for each mixture at equilibrium. Raoult's Rule and Flory-Huggins theory are also 
used to predict mixture behavior. Idealized mixture enthalpies are calculated from pure 
component enthalpies and used to detennined evaporator capacity at a given inlet quality, 
pure refrigerant saturation temperature, and apparent degree of superheat at the evaporator 
outlet. Assuming standard operating conditions in a domestic refrigerator and mobile air 
conditioner, the reduction in evaporator capacity is consistently higher for mixtures of R-12 
and mineral oil. Finally, these equilibrium models are also used to detennine the amount of 
liquid refrigerant held in solution as the refrigerant in an evaporator boils. In both 
evaporator simulations, the properties and perfonnance of pure R-I34a are affected less by 
the addition of oil. 
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Chapter 1 
INTRODUCTION 
1.1 Objectives 
Lubrication is necessary in refrigeration and air conditioning systems to reduce friction 
and minimize compressor wear. It also acts as a noise suppressant and seals compressed 
gas between the suction and discharge ports. Although oil addition increases compressor 
life, its solubility in pure refrigerant significantly affects the thermodynamic properties of 
these refrigerants. In system analysis, it is important to account for the solubility of 
refrigerant in oil since the properties of these mixtures are significantly different from those 
of pure refrigerants. 
The purpose of this research is to develop equilibrium pressure-temperature-
concentrations relations for four different refrigerant-oil mixtures. When selecting a 
combination of refrigerants and lubricants for system use, their mutual solubility, or 
miscibility of each component in the other, must be considered. Immiscibility and partial 
miscibility can inhibit the lubricating potential of the oil and cause separation in the rest of 
the system. Therefore, it is often considered important to select oils that are completely 
soluble in the refrigerant over the range of operating conditions. Halogenated refrigerants 
trichlorofluoromethane (R-ll) and dichlorofluoromethane (R-12) show complete 
miscibility with mineral oils. Two mixtures currently in use in domestic refrigeration and 
mobile air conditioning are, respectively, R-12/naphthenic mineral oil and R-12/paraffmic 
mineral oil. 
The decrease in production and use ofR-12, as regulated by the Montreal Protocol, has 
forced the refrigeration and air conditioning industry to seek alternative working fluids for 
use in the vapor compression cycle. One proposed replacement for R-12 is 
tetrafluoroethane (R-134a). This refrigerant, however, is not miscible with mineral oil. 
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Currently, lubricant manufacturers are developing synthetic oils that can be used with 
R-134a. Two possible replacements for the mixtures of R-12/paraffinic mineral oil and 
R-12/naphthenic mineral oil are, R-134/ester oil and R-134a/polyalkylene glycol (PAG), 
respectively. 
In this research, all four of these mixtures were tested. An experimental facility was 
constructed to measure the temperature, vapor pressure, and liquid volume, at equilibrium 
conditions, for each mixture concentration. Measurements, at these same conditions, were 
also recorded and described for any immiscibility occurring between the refrigerant and oil. 
These data are given in Appendix A The experimental data were used to develop empirical 
models to predict equilibrium pressure-temperature-concentration behavior. These results 
were also compared with theoretical mixture relations given by Raoult's Rule and Flory-
Huggins theory. The empirical models were much more accurate in predicting solubility 
behavior for these mixtures. Lastly, idealized mixture enthalpies were calculated for the 
mixtures and used to determine evaporator capacity and liquid refrigerant solubility for a 
given set of operating conditions. These analyses indicate that the thermodynamic 
properties of pure refrigerant are greatly affected by the addition of oil and cannot be 
neglected in system analysis. 
1.2 Background 
The measurement of equilibrium conditions of refrigerant-oil mixtures originated as a 
support project for other research being conducted in the Air Conditioning and 
Refrigeration Center (ACRC) at the University of Illinois, Urbana-Champaign. Tribology 
experimentation and system simulation, as well as parameter estimation for domestic 
refrigeration and mobile air conditioning, emphasized a strong need for thermodynamic 
relations for mixtures of refrigerant and oil. The four mixtures tested in this research were 
determined by their frequency of use within the ACRC. The lubricants were provided by 
manufacturers as identified in Chapter 6. 
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The test facility used to collect data for this project is similar in design to the system 
used by Pate, Van Gaalen, and Zoz (Chapter 2) to measure solubility and viscosity of 
various refrigerant-oil mixtures. The facility constructed for this project, however, uses an 
environmental chamber to provide a wider range of test temperatures and minimize the 
presence of thermal gradients. The procedures used for data acquisition, data reduction, 
and empirical model development for the equilibrium pressure-temperature-concentration 
relations of refrigerant-oil mixtures are presented in the following chapters. 
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Chapter 2 
LITERATURE REVIEW 
2.1 Introduction 
A majority of the research currently being conducted to investigate the equilibrium 
pressure-temperature-concentration behavior of refrigerant-oil mixtures is experimental. 
Although a variety of mixtures are tested over a range of different temperatures, pressures 
and concentrations, the procedures and facilities used for data acquisition are remarkably 
similar. These data are used to develop empirical models that predict solubility behavior 
and thermodynamic relations for these refrigerant-oil mixtures. Background knowledge 
presented in the literature was helpful in developing the protocol used to obtain and reduce 
the experimental data for the mixtures presented in this work. 
Several investigators have been developing and using analytical models to predict 
thermodynamic properties of refrigerant-oil mixtures. A description of the experimental 
and theoretical methods used to predict refrigerant-oil properties are summarized below. 
Since one goal of the present study is to develop more accurate models to describe this 
behavior, comparisons to previous literature will be necessary. 
2.2 Theoretical Research 
One of the fIrst works to address the affects of oil solubility on pure refrigerant vapor 
pressure was written by Bambach [1]. The author presents relations to predict vapor 
pressure given temperature and liquid refrigerant fraction data for mixtures of R-12 and 
paraffInic mineral oil. Bambach's relations appear to be empirical in form, but no English 
translations of his publication were available. These equations are used by other 
researchers to calculate thermodynamic properties of refrigerant-oil mixtures using classical 
methods and laws. 
4 
Spauschus [2] flI'St develops relations for detennining free energy, enthalpy, and 
entropy as well as the excess thennodynamic properties for mixtures of R-12 and 
petroleum oils. The analysis is simplified by using Raoult's Rule to detennine the partial 
pressure of each component in the mixture. The large difference in volatility between R -12 
and oil enables the partial pressure of the oil to be neglected. Hence, the partial pressure of 
R-12 is assumed equal to the mixture vapor pressure. These models are mathematically 
complex relations, and require P-V -T data for pure R-12. 
In a supplemental study, Spauschus [3] uses these mathematical equations, along with 
vapor pressure and volume data used by Bambach, to predict the solubility effects of 
R-12/mineral oil mixtures. Using these classical thennodynamic relations, several 
conclusions were made. First, excess thennodynamic properties of the mixtures can be 
explained in tenns of intennolecular attractions between the refrigerant and oil. Also, 
preliminary results indicate that the regular solution theory of Scatchard and Hildebrand is 
useful in interpreting the behavior of R-12/oil mixtures. On the other hand, Flory-Huggins 
polymer theory does not apply to the mixtures because of the low molecular weight of the 
lubricant. This paper dismisses the use of statistical analysis due to the complexity of the 
refrigerant-oil molecular species. 
Hesse and Kruse [4] use two different approaches to calculate the thennodynamic 
properties of a mixture containing a non-azeotropic mixture ofR-22/R-114 and a synthetic 
alkyl benzene-based refrigeration oil. One method used to predict liquid-vapor equilibrium 
behavior for the ternary mixture uses the theory of three parameter corresponding states 
developed by Lee and Kessler. The other method uses the concept of evaluating activity 
coefficients using the Wilson expression and the UNIQUAC method. Both methods, 
however, require property data for each pure component in the mixture. Although the pure 
refrigerant properties are well-known, knowledge of the composition and properties of 
synthetic lubricants is not always available. These results show that if minimum 
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information is known about the lubricating oil, both methods can be used successfully to 
describe pressure-temperature behavior of ternary mixtures. 
Two recent publications authored by Thomas, Wu, and Pham analyze the solubility of 
alternative refrigerant-synthetic oil mixtures using Flory-Huggins theory. The first 
paper [5] presents solubility and viscosity data for mixtures of R-134a and a modified 
polyalkylene glycol (PAG). Here, seven isotherms are plotted for pressure versus mixture 
concentration and used to verify that the solubility properties are typical of polymer/solvent 
solutions. The second publication [6] provides solubility data for mixtures of R-32/125 
and modified PAGs. These data are then compared with Flory-Huggins theory, and the 
results indicate that the solubility data are well represented by this theory. Although 
polymer solution theory was ineffective at predicting the pressure-temperature relations for 
mixtures of R-12 and mineral oil, the large difference in molecular weights between 
alternative refrigerants and PAGs make Flory-Huggins theory an attractive method for 
analyzing these mixtures. 
2.3 Experimental Research 
The theoretical work done by Spauschus for mixtures of R-12 and mineral oil was 
extended to mixtures of R-22 and paraffinic refrigeration oil [7]. Here, however, there was 
not enough accurate data available for evaluation of the thermodynamic properties of 
mixtures of R-22 and oil. The author constructed a vapor pressure apparatus to measure 
pressures and volumes from -4 to 158 F (-20 to 70 C) over the entire concentration range 
for mixtures of R-22 and paraffinic refrigeration oil. A typical density bulb and 
cathetometer were used to determine mixture densities. The mass of refrigerant and oil 
injected into the density bulb were measured using an analytical balance. A variable 
temperature bath was used to control mixture temperature. Miscibility limits were also 
recorded over the range of temperatures and concentrations tested. 
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The experimental results indicate that pressure-composition isotherms resemble a 
logarithmic curve at low concentrations of refrigerant (0 to 40% R-22). A miscibility curve 
for the mixtures is plotted and a critical solution temperature found to be 127.4 F (53 C). 
At mixture concentrations greater than 50% R-22, vapor pressure is a weak function of 
composition. Volume change upon mixing for these mixtures is also determined from 
density relations and used to describe intermolecular attractions between components. 
Takaishi and Oguchi [8] also experimentally measure the vapor pressures of R-22/oil 
solutions. In this analysis, the authors measure vapor pressures for nine mixture 
concentrations of R-22/synthetic oil solutions over the temperature range from 50 to 140 F 
(10 to 60 C). During experimentation, refrigerant and oil are injected into a glass sampling 
cell and weighed to determine the mixture composition. The cell is placed in a temperature-
controlled bath to regulate mixture temperature and rocked periodically to promote 
homogeneity. The vapor pressure of the mixture is measured by balancing it with 
pressurized nitrogen using a differential pressure detector. 
Nine mixture compositions were tested and sixty data points were obtained at 
equilibrium conditions. A 1O-term empirical model was developed to predict vapor 
pressure as a function of mixture temperature and oil mass fraction in the liquid. This 
correlation can predict mixture vapor pressures for compositions from 0 to 70%, by weight 
oil, at temperatures from 50 to 140 F within 0.36%. For mixtures of R-22/synthetic oil, 
vapor pressure is a weak function of composition at concentrations below 50 weight 
percent oil. 
Spauschus and Henderson [9] describe new methods for determining viscosity and 
pressure for refrigerant-oil mixtures over compositions from 0 to 100% and temperatures 
from -40 to 302 F (-40 to 150 C). The authors emphasize the need for rapid and accurate 
measurement of working fluid properties for new refrigerant -oil mixtures. They also verify 
that no suitable universal expressions have been developed for predicting mixture 
properties over wide ranges of temperature and concentration. Although no new 
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correlations for predicting mixture properties were derived, new, extremely accurate 
methods for measuring viscosity and vapor pressure of refrigerant/lubricant mixtures were 
developed. Also, applications of this data to heat transfer, pressure drop and 
hydrodynamic analyses were described. 
Pate, Van Gaalen, and Zoz have been measuring solubility and viscosity for a variety of 
refrigerant-oil mixtures and developing empirical models to predict these thennodynamic 
relations. The fIrst paper reviewed [10] presents a detailed description of the test facility 
used to experimentally measured pressure, temperature and viscosity for mixtures of R-22 
and naphthenic mineral oil. Initial results were provided for mixtures of 10 to 40%, by 
weight refrigerant, R-22 over the temperature range 70 to 300 F (21 to 149 C). 
The experimental apparatus consists of a stainless steel pressure vessel equipped with 
resistance temperature devices and pressure transducers to measure mixture temperature 
and pressure respectively. Two quartz windows bolted to the pressure vessel provide 
adequate viewing of the mixture during testing. Temperature is controlled using a 
circulation loop and unifonn pumping ensures thorough mixing of the refrigerant and oil. 
A charging facility was designed and constructed to inject precise volumes of refrigerant 
and oil. The vapor pressure and viscosity data are presented and compared with literature 
when possible. 
The authors' second paper [11] presents solubility and viscosity data for mixtures of 
R-22 and alkylbenzene oil over a decreased temperature range from 100 to 300 F (38 to 
149 C). Correlating equations were given for mixture viscosity, liquid density and vapor 
pressure. Each equation fonn was a blind quadratic with the empirical coefficients 
detennined using nonlinear regression. Generally, the correlations were within ± 5% over 
the range of temperatures and concentrations tested. A third paper [12] develops similar 
correlations for mixtures of R-502 in both a naphthenic oil and an alkylbenzene of the same 
range of temperatures and compositions. Again, these relations were accurate within 
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± 5.0%. Immiscibility at high refrigerant concentrations for mixtures of 
R-502/alkylbenzene was expected and observed. 
Hughes and McMullan [13] were two of the fust people to apply the pressure-
temperature relations of refrigerant-oil mixtures· to real systems analysis. The authors used 
the previous work of Bambach to develop idealized mixture enthalpies for mixtures of R -12 
and Shell Clavus 33 naphthenic mineral oil. Using these relations, pressure-enthalpy 
charts for the mixtures were developed. Finally, the results were applied to a vapor 
compression refrigeration cycle. The effects of oil addition decreased evaporator capacity 
and increased compressor work. These results contributed to reduced heat transfer at the 
evaporator and a reduction of system COP. 
The above literature survey is not intended to be an exhaustive presentation of all the 
literature associated with the prediction of solubility relations for refrigerant-oil mixtures. 
Instead, the papers used to facilitate the design and construction of this experimental facility 
as well as analyze the experimental data are summarized and referenced later in this 
investigation when necessary. 
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Chapter 3 
EXPERIMENTAL FACILITY 
3.1 Overall Facility 
The design of the apparatus used to develop thermodynamic property data for 
refrigerant-oil mixtures was governed by the acquisition of an environmental chamber. 
This chamber is used to provide a constant temperature environment for experimentation. 
All remaining design and construction were made using commercially available parts. A 
detailed description of the design and operation of the complete facility follows. 
The system used in this study is located in the upper east cage of the Mechanical 
Engineering Laboratory (MEL) on the Urbana-Champaign campus of the University of 
illinois. The design and construction of the experimental facility was begun in the fall of 
1990 and consists of five components: the environmental chamber, the pressure vessel, the 
mixing/sampling loop, the cleaning/charging system, and the instrumentation used for data 
acquisition. 
Figure 3.1.1 shows a photograph of the entire facility. The Tenney chamber door is 
open to show the pressure vessel and its orientation in the insulated cabinet The pump and 
instrumentation are located on the outer right side of the cabinet and are shown in Figure 
3.1.2. Figure 3.2.1 shows a schematic of the refrigerant-oil facility and cross-section of 
the insulated chamber cabinet. The only component not shown in this figure is the 
cleaning/charging system. All other hardware are pictured and labeled. 
3.2 Tenney Environmental Test Chamber 
The chamber used to provide a constant temperature environment for the refrigerant~oil 
mixtures is manufactured by Tenney Engineering, Inc. For optimum performance, the 
10 
Figure 3.1.1. Photograph of the Pressure Vessel and Environmental Test Chamber 
Figure 3.1.2. Photograph of the Mixing Loop and Instrumentation 
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Figure 3.2.1 Refrigerant-Oil Experimental Test Facility 
chamber should remain in an environment where the ambient temperature does not exceed 
100 F or drop below 60 F. One foot or more of free space around the perimeter is required 
for proper ventilation. A line voltage of 230 volts nominal is required to power the system 
and should never drop below 200 volts. The chamber itself consists of three primary 
components to provide and maintain temperatures from -100 F to 400 F. They are: a 
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microprocessor-based programmer, a cascade refrigeration system and an electric air heater 
bank. 
The cascade refrigeration system uses a pair of 3-horsepower compressors, an air-
cooled condenser, and a capillary tube assembly to provide workspace cooling. The low-
stage system is charged with Refrigerant-S03 (R-S03) and the high-stage system is charged 
with R-S02. Since both compressors use condensed refrigerant for cooling, each is 
equipped with a pressure switch for protection from overheating. During the cooling 
mode, the compressors are locked on continuously and the electric heaters are cycled to 
maintain a constant temperature. 
3.3 Pressure Vesse) 
The pressure vessel was manufactured from commercially available pipe and flanges. 
All machining and welding was performed by the university machine shop located in the 
Mechanical Engineering Laboratory. The vessel is designed to withstand pressures from 0 
psia to SOO psia over a temperature range from -SO F to 2S0 F. A sight glass is used to 
monitor mixture behavior and liquid-vapor interface height. Stainless steel is used to 
ensure material compatibility with all existing refrigerant-oil mixtures as well as those 
proposed for future use in refrigeration and air conditioning applications. 
Figure 3.3.1(a) shows the shell of the pressure vessel. It was made from a piece of 
seamless, type AISI 316 Stainless Steel, 4-inch Schedule 80 (4.S-inch outside diameter, 
0.337-inch wall thickness) pipe. The hole pattern shown in the figure mates with the sight 
glass to allow internal visibility in the pressure vessel. Holes, instead of grooves, were 
machined into the shell to preserve its ligament strength. 
Figure 3.3.1(b) shows the pressure vessel shell with the chamber of the sight glass 
welded to it. The sight glass is a Penberthy Model TMW9 flat glass gauge and consists of 
three primary parts: the chamber, the cover, and the glass. The chamber material is 316L 
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Figure 3.3.1 Hole Location and Sight Glass Position on Pressure Vessel Shell 
Stainless Steel and has . a machined radius of 2.25 inches. The radius is necessary to 
provide adequate surface contact between the outer diameter of the pressure vessel shell and 
the perimeter of the chamber. The cover material is 316 Stainless Steel and is bolted to the 
chamber with fourteen steel nuts and studs. The glass is tempered borosilicate and the 
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gasket material is Garlock 3400. The glass and cover were bolted onto the chamber after it 
was securely welded to the shell. This cover can be removed to clean the glass and change 
gasket material if mixture incompatibilities occur. The visible viewing area provided by the 
sight glass is 12.625 by 0.625 inches. The sight glass has a maximum pressure rating of 
800 psia over the temperature range of -50 F to 250 F. The maximum allowable pressure, 
P [psia], that can be contained within the vessel is determined from the equation [14]: 
where, 
and 
P _ 0.8St(L-nd) 
- L(R+O.6t) 
S = minimum yield strength [psia], 
t = pressure vessel wall thickness [in], 
L = length of machined area [in], 
n = number of holes, . 
d = hole diameter [in], 
R = radius of pressure vessel [in]. 
(3.1.1) 
The AISI 316 stainless steel pipe has a minimum yield strength of 30000 psia, a radius of 
1.913 inches and a wall thickness of 0.337 inches. As shown in Figure 3.3. 1 (a), twelve, 
5/8-inch diameter holes are machined into the pressure vessel wall over a length of 12.625 
inches. Using these constants, a maximum allowable pressure of 1552 psia is calculated. 
The factor of safety for this pressure vessel design is 3. 
The shell of the pressure vessel is capped with standard pipe flanges. Two ANSI 300 
pound raised face weld neck flanges, one on each end, were butt-welded to the pipe. Both 
flanges are AISI 316 Stainless Steel with a 4-inch Schedule 80 bore. Two ANSI 300 
pound raised-face blind flanges are bolted to the weld neck flanges using sixteen 3/4-inch, 
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Figure 3.3.2 Location and Dimensions of Machined Holes in Blind Flanges 
SAE Grade 5, 5-inch long bolts. A gasket made of Garlock 3400 is inserted between each 
weld neck flange and blind flange to seal the pressure vessel. Prior to flange assembly, a 
total of eight holes were machined and threaded into the two blind flanges. Figure 3.3.2(a) 
shows the placement and size of these holes in the top flange. The top flange houses three 
resistance temperature device (RID) probes, a pressure tap and a bellows sealed valve. 
Figure 3.3.2(b) shows the placement and size of the holes machined into the bottom flange. 
The bottom flange houses one RID and the suction and discharge ports of the mixing loop. 
These threaded holes all use standard AISI 316 Stainless Steel HOKE pipe fittings and 
Gyrolok compression fittings to ensure leak-free operation. The RIDs, in addition to 
being sealed by the compression fittings, are silver soldered to the fittings and are a 
permanent part of the Gyrolok. This was done after several leaks were found around the 
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~ Washer (32) 
.... 300# ANSI Blind Flange (2) 
Garlock 3400 Gasket (2) 
~ 300# ANSI Weld Neck Flange (2) 
.... Lock Washer (16) 
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ModelTMW9 
Figure 3.3.3 Pressure Vessel Assembly Procedure 
compressed ferrule of the fitting. Several ferrule materials were tested and all failed to 
provide an adequate seal. After silver soldering, the leaks were eliminated. Leaks around 
the pipe threads are prevented using Loctite PST pipe sealant 567. 
Figure 3.3.3 shows the procedure for pressure vessel assembly as well as the 
approximate orientation of the blind flanges. As previously mentioned, the sight glass 
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chamber and weld neck flanges are pennanently affixed to the shell. First, the gasket is 
placed on the raised face of the weld neck flange followed by the appropriate blind flange. 
After aligning the eight bolt holes on each flange, a steel washer is put on each bolt and the 
bolt is inserted in the two holes. Another washer is then placed on the threaded side of the 
bolt followed by a steel lock washer and a steel nut. After all eight bolts are in place, each 
bolt is torqued, in a star pattern in 50 foot-pound increments, to approximately 250 foot-
pounds. The vessel is then turned over and the procedure is repeated. After this initial 
assembly is completed, disassembly is only necessary to modify the pressure vessel design 
or replace gasket material due to material incompatibility. The pressure vessel is placed on 
a stand with four legs and set into the Tenney environmental chamber. 
3.4 Mixing/Heat Transfer Loop 
A circulation loop was added to the test facility to promote refrigerant-lubricant mixing 
and decrease the time required for the mixture to reach equilibrium conditions. The loop 
was also designed using stainless steel, where possible, to ensure material compatibility 
with the mixtures. Although the two mechanisms for heat transfer are conduction and 
forced convection, the low thennal conductivity and 0.337 -inch wall thickness of the 
stainless steel pipe inhibit rapid heat transfer. 
Using cylinder in crossflow heat transfer approximations and an incremental 
temperature increase of 5 F per hour, it was detennined that approximately 8 feet of 1/4-
inch OD stainless steel tubing was required for adequate heat transfer. 8 1/2-feet of 
HOKE, AISI 304 stainless steel, annealed, seamless, 1/4-inch OD tubing with a wall 
thickness of 0.035 inches was used to make the mixing/heat transfer loop. The pressure 
rating for this tubing is 5403 psi at 250 F with a factor of safety of 4. The tubing was 
connected to the pressure vessel, pump, and sampling cylinder using standard stainless 
steel Gyrolok fittings. 
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During circulation, the mixture is drawn from the bottom of the vessel and discharged in 
a spray pattern in the vapor space. To promote liquid-vapor temperature equilibrium and 
adequate fluid mixing, an additional 19 inches of tubing was cut and positioned along the 
axial center of the pressure vessel. The top end of this tube was plugged and 8, lIl6-inch 
diameter holes were bored in the tubing to promote uniform liquid spray. The bottom end 
was connected to the blind flange, as an extension to the mixing loop tubing, with a 
Gyrolok fitting. During pumping, this mixture spray coats the inner wall of the pressure 
vessel with liquid and increases heat transfer in the vapor space. This process also ensures 
adequate mixing of the refrigerant and oil since liquid is drawn from the bottom of the 
vessel and discharged above the liquid-vapor interface height 
Fluid flow is accomplished using a magnetically-coupled gear pump. The pump head is 
a Micropump Series 152 with neoprene a-rings and Teflon gears. A pressure modification 
was made by the manufacturer to allow for working pressures up to 500 psia. This head is 
powered by a Cole-Parmer, lII0-horsepower, DC motor. Volumetric flow rates are 
controlled with a variable speed drive. The maximum flow rate that can be obtained is 
approximately 0.53 gallons per minute. 
Modifications in the mixing loop were made to allow for mixture sampling during 
experimentation. Figure 3.4.1 shows the cylinder and valve arrangement used to withdraw 
a sample of mixture from the process line. A HOKE 4214F4Y bellows sealed valve is 
attached to the process line and remains a permanent part of the mixing loop. The sampling 
cylinder is a HOKE, 75-milliliter, double-connection, AISI 304 Stainless Steel DOT 
cylinder. Two HOKE 1711F4Y needle valves with AISI 316 Stainless Steel tips are 
attached to the cylinder to control flows into and out of the sampling cylinder. The cylinder 
assembly and valve are connected using a piece of process line tubing and Gyrolok fittings 
for quick installation and removal. 
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Process Line 
~ Stop Valve [HOKE 42l2F4Y] 
Inlet Valve [HOKE l71lF4Y] 
...... ----- 75 ml Sampling Cylinder 
e:O~i------ Outlet Valve [HOKE 1711F4Y] 
Figure 3.4.1 Cylinder Assembly Installed in Process Line for Sample Collection 
Due to ambient temperature restrictions on the motor, it had to be positioned outside the 
environmental chamber. Two lI4-inch holes were bored through the insulated walls of the 
chamber for the mixing loop tubing. The pump was mounted on a piece of lI2-inch 
plywood and bolted to two brackets attached to the outside wall of the chamber. The motor 
mounting position minimizes the length of mixing loop tubing exposed to ambient 
conditions. To reduce heat transfer to and from the mixing loop, pump head, and valve, 
the components were covered with l/l-inch Armaflex foam rubber insulation and enclosed 
in a box made from I-inch thick Celotex rigid foam insulation. The front panel of the box 
is removable to allow access to the stop valve and sampling cylinder assembly. 
3.5 Refrigerant-Lubricant Charging Facility 
Two separate facilities were designed to inject precise quantities of refrigerant and oil 
into the pressure vessel. The cost of each system was minimized by using commercially 
available parts and maintaining design simplicity. The oil is manually pumped into the 
pressure vessel at atmospheric pressure. The refrigerant, however, is injected under 
vacuum and relies on its vapor pressure to force it into the vessel. The mass of each charge 
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of refrigerant and oil is detennined by weighing each facility before and after injection. 
Figure 3.5.1 shows the refrigerant charging system. The tank is a DOT-39 NRC 260/325 
M1073 E. I. du Pont de Nemours & Co. container with 15 pound (6.8 kg) capacity. The 
hose is a 36-inch Yellow Jacket charging hose. The valve assembly consists of two HOKE 
7122F4Y Teflon-seated ball valves used to pull a vacuum and control refrigerant flow .. A 
piece of the same l/4-inch tubing used in the mixing loop is used to attach the charging 
system to the pressure vessel during refrigerant injection. 
Du Pont Container 
Charging Hose 
Refrigerant Valve 
[HOKE 7122F4Y] 
1/4" Tubing 
Vacuum Valve 
[HOKE 7122F4y] 
Figure 3.5.1 Refrigerant Charging Facility 
Figure 3.5.2 shows the lubricant charging system. The tank is a standard 1 gallon can, 
the hose is a 36-inch Yellow Jacket charging hose, and the valve is a HOKE 7122F4Y 
Teflon-seated ball valve. The oil is pumped from the can using a Thennal System Model 
1702 charge-oil pump. The pump displaces 1 quart every 20 full strokes of the piston. A 
5 l/2-inch piece of·l/8-inch OD AISI 304 stainless steel tubing is attached to the outlet of 
the ball valve. This tubing and valve prevent oil leakage during lubricant charging. 
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Charge-oil Pump 
Char~ngHo~----------~ .. ~
Ball Valve [HOKE 7122F4y] 
1/S" Tubing 
1-Gallon Tank 
Figure 3.5.2 Lubricant Charging Facility 
3.6 Solvent Flushing Facility 
A facility was designed to clean the pressure vessel, mixing loop, and sampling cylinder 
without test stand disassembly. Trichlorofluoromethane (R-ll) is the solvent used for 
system flushing. Because of its cost and adverse environmental effects, the flushing 
facility was designed as a closed loop system to minimize solvent evaporation into the 
atmosphere. When cleaning is completed, the solvent lines are removed from the pressure 
vessel and the contaminated R-11 is distilled back into the container of pure R -11 to be 
used again for future flushing. 
The solvent is stored in two containers; one for contaminated solvent and one for pure 
solvent. Each container is a White Industries model 16419 Worthington cylinder with 50 
pound capacity. Both are also equipped with two tank valves; one for liquid and one for 
vapor. The two tanks use l/4-inch OD Teflon tubing for solvent transfer. An Emerson 
liquid line fIlter-drier with 5 cubic inches of desiccant is placed in-line with the liquid valve 
on the clean solvent tank to remove solvent impurities. One 7122F4Y Teflon-seated ball 
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valve is used to control solvent flow into the pressure vessel. During distillation, a 
Toastmaster 750 watt electric burner is used to induce contaminated solvent boiling. 
3.7 Instrumentation 
The number of instruments used for data acquisition is small and, to date, all data are 
recorded manually. The location of each instrument, as well as channel number and 
thermocouple rotary selector switch number, is referenced in Figure 3.1.2. Upon receipt 
of each instrument, a calibration curve was developed to increase overall accuracy of the 
test facility. The curve-fit equations with corresponding instrument numbers are given 
below. The instrumentation is used for independent measurements of mixture 
temperatures, pressure, and liquid-vapor interface height. 
The vapor pressure of the liquid in the pressure vessel is measured with a Setra Model 
204 variable capacitance pressure transducer and is displayed on a Setra model 300E digital 
pressure indicator. The transducer has a range of 0 to 500 psia with ± 0.55 psia accuracy. 
The sensor is made of 17-4 PH Stainless Steel and is compatible with both liquid and vapor 
media that are inert with the sensor material. Due to ambient temperature operating 
restrictions, the transducer is mounted on the outside wall of the environmental chamber 
and connected to the pressure vessel with a lI8-inch OD piece of AISI 304, annealed, 
seamless tubing. Calibration of the transducer was performed with a Bell and Howell dead 
weight tester and referenced to a vacuum pressure of 0 psia. A curve-fit of the calibration 
data yielded the equation 
Pactual = -0.79897 + 1.0026Pmeasured (3.6.1) 
where Pmeasured (psia) is the pressure displayed on the digital indicator and Pactual (psia) is 
the correct calibrated pressure of the vapor from the dead weight tester. 
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Resistance temperature devices (RIDs) and surface-mount thermocouples are used to 
measure mixture temperatures and chamber temperatures respectively. Inside the pressure 
vessel, four RIDs, two liquid and two vapor, independently monitor mixture temperatures 
while three thermocouples monitor chamber temperatures. A fourth thermocouple is 
mounted inside the pump box to monitor heat transfer to and from the mixing loop. Digital 
indicators are used to display the temperatures. 
In the pressure vessel, the temperature gradient is monitored from bottom to top with 
RID numbers 4, 3, 1 and 2 respectively. Each RTD is an Omega quick-disconnect 
platinum probe with a lI8-inch 00, AISI 304 Stainless Steel sheath and 100-0hm 
European curve element. The model number for each probe is PR-13-2-100-lI8-*-E, 
where * indicated the length of the sheath in inches. The two RTDs used for liquid 
temperature measurement (3 and 4) are 24-inch and 6-inch probes respectively. The two 
RIDs used for vapor temperature measurement (1 and 2) are 12-inch and 6-inch probes 
respectively. All four RIDs were calibrated using a constant temperature bath and mercury 
calibration thermometers as the standard for comparison. Table 3.6.1 gives the curve-fit 
equation for each RTD. The actual and measured temperatures, in degrees Fahrenheit, are 
given by Tactual and Tmeasured, respectively. 
Table 3.6.1 Curve-Fit Equations for Resistance Temperature Detectors 
RID Channel Number 
1 
2 
3 
4 
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Curve-Fit Equation 
Tactual = 0.015578 + 0.99902Tmeasured 
Tactual = -0.1848 + 0.99954Tmeasured 
Tactual = 0.13678 + 1.0006Tmeasured 
Tactual = -0.0066577 + 0.99745Tmeasured 
The indicator used to monitor RID temperature is an Omega model DP462-RID digital 
indicator. This indicator has 6 channels for RID input and will display temperatures from 
-99.9 to 999.9 F with 0.1 F resolution. Neoflon RID wire is used to wire the 3-terminal 
probes to the indicator. 
The surface mount thermocouples are positioned on the two opposite walls and top of 
the chamber cavity to monitor environmental temperature. These measurements are not 
used for data reduction and hence not calibrated. Although recorded during data 
acquisition, these temperatures only serve to verify setpoint information supplied to the 
microprocessor. They also check for the existence of temperature gradients within the 
chamber. The thermocouple mounted in the pump box monitors heat loss through the 
insulated lines of the mixing loop. 
All thermocouples are Omega Type-T surface mount thermocouples. The indicator used 
to display the temperatures is an Omega DP460-TC-ALM digital indicator with an alarm 
board. The alarm is an LED and is activated if the thermocouple temperature is either 
greater or less than, depending on operator specification, the alarm temperature. Since the 
indicator only has 1 channel capability, an Omega model OSW3-10 2 pole thermocouple 
rotary selector switch was installed to allow for 10 independent thermocouple temperature 
measurements. The temperature range and resolution of the indicator are -99.9 to 999.9 F 
and 0.1 F, respectively. 
During experimentation, refrigerant and lubricant charges along with mixture volume 
must be accurately determined. Prior to each test, the refrigerant and oil masses are 
recorded before and after injection into the pressure vessel. A Sartorius L-11201-06 mass 
balance with a 12,000 gram capacity (26.46 lbs), 0.1 gram readability and internal 
calibration is used to determine these masses. During testing, the mixture volume is 
indirectly calculated by recording the liquid-vapor interface height of the mixture. This 
height is read from a 0-310 millimeter stainless steel ruler that is tack-welded to the sight 
glass cover. 
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The scale was calibrated by fIlling the pressure vessel and mixing loop with water at 
room temperature and withdrawing small volumes of liquid until all water was removed 
from the system. Each volume of extracted water was measured in a 100-milliliter 
graduated cylinder with 1 milliliter readability. When the liquid-vapor interface height is 
visible in the sight glass, the extracted volume is recorded at 10 millimeter decrements on 
the sight glass. This procedure was repeated two times, and the overall volume was 
repeatable within ± 4 milliliters. The best linear fit of the data gives the calibration equation 
v = 893.53 + 7.9608h (3.6.2) 
where h is the liquid height, in millimeters, and V is the mixture volume, in milliliters. The 
range of the sight glass is 54.52 to 205.13 in3 (893.5 to 3361.4 ml). When determining 
interface heights of refrigerant-oil mixtures, it is expected that the readability is ± 0.06 in3 
(± 1.5 mm). This corresponds with an expected accuracy of± 0.73 in3 (± 12.0 ml) when 
determining liquid mixture volumes. 
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Chapter 4 
EXPER~ENTALMETHOD 
4.1 Programming the Tenney Environmental Chamber 
Before the test facility can be charged with refrigerant-oil mixtures, it is necessary to be 
able to operate the environmental test chamber and input setpoint parameters. Figure 4.1.1 
shows the control panel of the environmental test chamber. There are four primary 
components accessed at the control panel. They are: the microprocessor and keypad, a 
temperature-time chart recorder, an alarm/deactivation system and chamber power control. 
A brief description of each is provided since three of the four are used for proper chamber 
operation and temperature programming. 
The "TEMP" and "OFF" push buttons activate and deactivate the heaters and 
refrigeration system used to control chamber temperature. Before setpoint temperatures can 
be obtained, the "1EMP" button must be depressed and the heater circuit breaker CB 1 lifted 
up to the on position. The indicator light above the "OFF" button will illuminate when the 
chamber is operating. The indicator light above the "1EMP" button will illuminate only 
when the chamber temperature drops below the setpoint temperature. That is, when the 
chamber temperature drops below the desired temperature, the heater bank is energized and 
the indicator light is activated. 
The alarm system is installed to alert operator and cut system power if the chamber 
temperature exceeds the alarm temperature specified by the user. The alarm is turned on by 
toggling the "POWER" switch on the panel to the up position. The "NORMAL" light will 
illuminate to indicate alarm power and safe operation. The dial is used to set the maximum 
chamber temperature allowed by the microprocessor. Since the vapor pressure of the pure 
refrigerants used in testing can exceed the range of the pressure transducer, it is important 
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Figure 4.1.1 Tenney Environmental Test Chamber Instrument Panel 
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to limit the maximum chamber temperature. When testing pure refrigerants R-12 and 
R-134a, the dial is set to 230 F and 200 Frespectively. If the chamber temperature exceeds 
the temperature indicated by the dial, the alann light will illuminate, an alann will sound 
and the circuit breaker CB 1 will be tripped to the off, or down, position. 
The microprocessor is turned on by depressing "POWER ON". The display will 
illuminate and infonnation can now be entered into the microprocessor either manually or 
as steps of a program. For manual input, the UCE button must be latched in the depressed 
position to open the keyboard for selection. Press ENT, MAN to select the manual mode 
of operation. The time of day is now entered by pressing the proper numeric keys. For 
12:00 am to 11:59 am, a leading minus "-" sign must precede number entry (-1200 for 
12:00 am and 1200 for 12:00 pm). ENT, TOO is then depressed to load the time of day 
into the controller. To verify this input, press ENT, VERIFY, TOO. Anytime VERIFY is 
selected, the LED display will blink until RET is selected to clear the keyboard for 
additional input. At this point, the desired setpoint temperature, in degrees Celsius, is 
entered. First, CLR is pressed to clear the display. The setpoint temperature is now typed 
into the controller. Temperatures less than 0 C require a leading minus sign. Mter the 
information is selected and displayed, press ENT, SP1 to enter the information into 
controller memory. This infonnation, like time of day, can be verified by pressing ENT, 
VERIFY, SPl. RET is again typed to prepare for next entry. This temperature is 
designated as event one by pressing CLR, 1. Now the chamber is activated by pressing 
ENT, E-ON. The chamber should now be running as it ramps toward the setpoint 
temperature entered as event one. Finally, UCE is unlatched to protect the keyboard from 
errant entries. 
Prior to program entry, the desired temperatures and times to reach these temperatures 
must be detennined To best explain the procedure of programming, an example is used 
and is shown in Figure 4.1.2. This is a typical ramp used during experimental data 
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-45.0 C 
[-49.0 F] 
o 0) 
30.0C 
[86.0F] 
540 minutes 180 minutes ~-
Figure 4.1.2 Time-Temperature Plot for Sample Program 
acquisition. This time-temperature plot greatly facilitates setpoint entry and is 
recommended for each program. In this program, the experiment is designed to begin at 
-49 F (-45 C) and ramp to 86 F (30 C) in 540 minutes (9 hours). After the chamber 
reaches the setpoint temperature of 86 F, it remains at this steady state temperature for 180 
minutes. At the end of 180 minutes, the chamber temperature will return to ambient 
conditions. Using this plot as a guide, the procedure for program entry follows. 
As in manual programming, "POWER ON" is depressed to energize the 
microprocessor. "PROGRAM ERASE" is used to tum the controller off or clear a program 
currently stored in its memory. The keyboard is set for program entry by latching UCE 
followed by pressing CLR, ENT, MAN. Each step of the program must be provided with 
a temperature and a time to reach or maintain that temperature. To begin, 1, ENT, PROG 
is entered to indicate that step one is about to be programmed. The temperature of step 1 is 
input as -45.0 using the numeric keypad. The temperature is then set by pressing ENT, 
SP!. It is assumed that the chamber temperature is at the steady state temperature of 
setpoint 1 prior to program entry. If the chamber is not at this temperature, it should be 
conditioned to -49 F by using the manual input procedure previously described. With the 
chamber at this temperature, 1, ENT, SEC is an adequate time step to allow the chamber to 
ramp to -49 F in one second. The flfst step of the program is now properly entered. 
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Steps two and three are entered in the same fonnat. Step 2, however, begins by 
depressing 2, ENT, NEXT STEP to prepare the program for setpoint 2. Then 2, ENT, 
PROG is entered to indicate step two is about to be entered. The temperature of 86 F is 
entered as 30.0, ENT, SPI and the time to reach this setpoint is entered as 540, ENT, 
MIN. This will tell the controller to activate the heaters and refrigeration system as 
necessary to increase the chamber temperature 1 F every 4 minutes until the temperature 
reaches 86 F. Finally, 1, ENT, E-ON is entered to activate step 2. Step three program 
entry is identical to step two except the time to maintain this temperature is entered as 180, 
ENT, MIN to hold the chamber at 86 F for 180 minutes. After 1, ENT, E-ON is entered 
for step three, ENT, MAN is input to prepare keyboard for start-up infonnation. The 
chamber begins heating or cooling, depending on the setpoint temperatures, after entering 
CLR, 1, ENT, MAN. The VeE key is unlatched as a precaution to prevent additional 
keyboard entries. 
The third component located on the instrument panel is a circular chart recorded. When 
activated, this device will continuously record the chamber temperature as a function of 
time. Due to the inaccuracy of the analog record, the unit is turned off and not used during 
data acquisition. The temperature indicator to the immediate left, however, is monitored 
during each experimental test. The needle on the instrument indicates if the chamber 
temperature is too high, too low, or equal to the setpoint temperature. This is a qualitative 
way to detennine proper chamber operation. 
4.2 Mixture Reclamation 
Mixture reclamation is necessary to eliminate refrigerant evaporation into the atmosphere 
and recover the liquid refrigerant and oil in the pressure vessel. The most efficient method 
for mixture recovery is described below. Figure 4.2.1 shows a schematic of the facility, 
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Figure 4.2.1 Valve Arrangement and Flushing Line Location on Refrigerant-Oil Test 
with each valve numbered and solvent flow direction indicated, to clarify procedure 
explanations. The reclaiming cylinder (not shown) used for mixture recovery is different 
than the solvent tanks shown in Figure 4.2.1. This container is identical to the Du Pont 
containers described in Section 3.5. The recovery cylinder, however, is empty prior to 
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reclamation. Refrigerant vapor is recovered by connecting a piece of teflon tubing between 
Valve 5 and the tank valve on the reclaiming cylinder. The line and cylinder are evacuated 
and the recovery tank is placed in an ice bath. 
To begin, Valve 5 is opened to allow refrigerant vapor inside the vessel to evaporate 
from the mixture and recondense in the recovery tank. It might be necessary to heat the 
pressure vessel to promote refrigerant boiling. To do this, manually input a setpoint 
temperature greater than the ambient air temperature. After several hours, both Valve 5 and 
the tank valve are closed and the Teflon line is removed from the system. A quick check 
should be made to ensure all other valves are also closed. Now the oil can be recovered 
from the pressure vessel. 
To begin oil reclamation, close the chamber door and manually input a setpoint 
temperature of 113 F (45 C). Heating decreases oil viscosity and makes oil recovery more 
efficient. The same tank used for refrigerant recovery is used for oil storage. While the 
tank is still in the ice bath, connect it to valve 3 and open this valve along with the tank 
valve. The cold refrigerant in the tank acts as a vacuum to pull lubricant into the tank. This 
procedure has been proven to be able to reclaim 95 percent of the mixture mass. 
Precautions must be made, however, to maintain adequate vapor volume in the recovery 
container during mixture recovery. To prevent rupture disk failure, the tank is weighed 
periodically to make sure the reclaimed mixture mass stored in the tank does not exceed the 
recommended mass capacity of the container. When the tank is full, its contents should be 
clearly labeled so it is not inadvertently used in experimentation. 
4.3 Flushing the Test Facility 
After the pressure vessel is emptied, it must be thoroughly cleaned to remove any 
mixture residue. As previously mentioned, the solvent used for facility flushing is R-l1. 
The cost and potential environmental hazards of R-ll dictate the need for a closed loop 
flushing facility. By controlling solvent vapor pressure, the facility can be cleaned with 
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minimal or no R-ll evaporation into the atmosphere. After the vessel is flushed 
thoroughly, a simple distillation process is set up to reclaim and purify the dirty solvent. 
Flushing is required only twice during the complete range of refrigerant-lubricant 
concentration tests (0-100% refrigerant by mass). The facility is first cleaned each time a 
new refrigerant-oil mixture is introduced into the facility. The second flushing occurs 
immediately following the 50 percent concentration test. This is necessary to ensure the 
mixture height always resides within the extremes of the sight glass viewing area. 
Regardless of when the facility is flushed, the procedure remains the same. First, the 
refrigerant-oil mixture is drained from the vessel as described in the previous section. 
Then, the dirty R-ll container is placed in an ice bath, to ensure its vapor pressure is less 
than facility pressure, and set on the laboratory floor next to the outlet of Valve 1. The tank 
of pure R-ll is placed on the roof of the Tenney chamber. With all valves still closed, 
Teflon tubing is connected to the proper fittings as follows: liquid valve on clean R -11 tank 
to fllter drier inlet, fllter drier outlet to mixing loop suction line, Valve 5 to liquid valve on 
dirty R-ll tank and outlet of Valve 1 to open atmosphere. With all connections made 
properly, the liquid tank valves are opened followed by Valves 4 and 5. The gear pump is 
also turned on at this time. The solvent enters the bottom of the facility through the mixing 
loop and is pushed out the top of the pressure vessel through Valve 5. Since the lubricants 
used in experimentation are less dense than the liquid solvent, most of the oil will be 
flushed out the top of the vessel and into the dirty tank. After solvent is seen exiting the 
vessel at the outlet of Valve 5, Valve 4 is closed and the solvent is run through the mixing 
loop for several minutes. 
After thorough solvent mixing, Valve 5 is again opened and additional solvent is 
emptied into the contaminated cylinder. After several minutes, Valve 5 is closed followed 
by the liquid tank valve on the dirty cylinder. The teflon tubing connecting these two ports 
is removed and the open end of the Valve 1 tubing is connected to the liquid valve on the 
contaminated solvent tank. Valves 1, 2, and 3 are now opened to drain the remaining 
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contents of the pressure vessel into the dirty R-ll tank. Once empty, all hoses can be 
disconnected and the solvent distillation can begin. 
Refrigerant R-ll reclamation begins by connecting a clean piece of Teflon tubing to the 
vapor valve of each tank. The clean tank is placed in an ice bath and the contaminated tank 
is set on the electric burner. Both vapor valves are open and the electric burner is turned on 
the "low" heat setting. If necessary, the contaminated solvent tank can also be flushed with 
solvent to remove the oil that has separated out of the solvent. Forcing solvent into the 
liquid valve and out of the vapor valve will remove most tank contaminants. 
4.4 Charging the Pressure Vessel with Refrigerant and Oil 
Charging the pressure vessel begins by ensuring all solvent in the facility has vaporized. 
To avoid extreme time delays between tests, it is necessary to flash off any solvent vapor 
that is not removed and reclaimed during flushing. To be sure the facility is free of R-ll, it 
is heated to 150 F (65 C) and left standing open to the atmosphere for two hours. The 
facility is now ready to be charged. 
The lubricant is the first component of the mixture injected into the pressure vessel. 
First, while the facility is still at approximately 150 F, the oil cap is removed from the 
pressure vessel. The oil tank is filled with approximately one gallon of the lubricant to be 
tested With the charge pump installed and the valve on the charging line closed, the 
system is weighed and its initial mass recorded. Oil is injected into the vessel by inserting 
the 1/8" OD tubing into the uncapped oil port, opening the ball valve and pumping in the 
oil. For mixture concentrations of 0 to 50% refrigerant by mass, the liquid height of oil 
should read approximately 130 mm on the sight glass scale. For mixture concentrations 
greater than 50%, 6to 10 full strokes of the piston should be sufficient. Mter the desired 
charge of oil has been injected, the ball valve is closed and the tank, hose, and valve are 
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removed and weighed again. The oil port is capped and the fitting securely tightened to 
prevent vapor leakage. 
The facility is now evacuated with the oil at an elevated temperature, approximately, 
150 F, to remove any dissolved impurities in the lubricant. To do this, the refrigerant 
charging facility is connected to Valve 5 and the vacuum pump is connected to the vacuum 
valve. A Thennal Systems V AK-CHECK II Micron Gauge is connected to the vacuum 
pump and used in addition to the pressure transducer to monitor vacuum pressures. The 
two ball valves on the refrigerant charging facility are opened followed by Valve 5. The 
vacuum pump is turned on and a vacuum is pulled until the oil begins to boil vigorously. 
This usually occurs between 1000 and 500 microns (1 to 2 psia on the pressure 
transducer). The pump is turned off until oil boiling subsides. This process is then 
repeated. Once the pressure transducer reads approximately 1 psia, valve 5 is closed and 
the vacuum pump and refrigerant charging facility are removed from the pressure vessel. 
The vessel is now properly charged with lubricant. 
The refrigerant charging process begins by cooling the test facility to approximately 
50 F (10 C). This is necessary to maintain a vessel pressure less than refrigerant tank 
pressure during charging. Once cool, the facility is ready for refrigerant injection. First, 
the refrigerant charging facility is weighed and its mass recorded. Then, with the oil mass 
known, the approximate mass of the refrigerant charge is calculated from the equation: 
where, 
and 
mref x=-....:::.;.~-
mref - moil 
mref = refrigerant mass [kg], 
moil = oil mass [kg], 
x = refrigerant mass fraction. 
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(4.3.1) 
The mass balance is leveled on the bottom surface of the environmental chamber and the 
refrigerant tank is inverted and placed on the pan of the scale. This allows the refrigerant 
mass to be monitored during liquid refrigerant charging. The ball valve assembly is 
connected to Valve 5 and the vacuum pump and gauge is attached to the vacuum valve. 
The pump is turned on and both ball valves along with Valve 5 are opened. A vacuum is 
pulled to 100 microns (0.6 psia on the pressure transducer) and then both ball valves are 
closed. The refrigerant tank valve is opened and the mass reading on the scale observed. 
The flow of refrigerant into the vessel is controlled with the refrigerant valve. After 
adequate mass has been injected, the refrigerant valve and Valve 5 are closed and the 
complete refrigerant charging facility is removed from the pressure vessel and weighed 
again. Lastly, Valve 5 is capped and the Gyrolok fitting securely tightened as a precaution 
to prevent vapor leakage. The pressure vessel is now charged with the proper mixture 
concentration and the initial setpoint temperature is manually input 
Currently, five concentrations are tested for each R-12/mineral oil mixture. They are 
approximately, in percent refrigerant by mass: 1%, 10%, 30%, 50% and 90%. The 
charging procedure, however, makes it very difficult to obtain these exact percentages. 
Instead, they merely serve as a guideline for refrigerant-oil injection. The intermediate 
compositions, 10%, 30%, and 50%, require a simplified charging procedure. To obtain 
these charges, refrigerant is added to the previous concentration to increase the refrigerant 
mass fraction of the mixture. The previous two paragraphs outline the procedure necessary 
to add incremental refrigerant mass charges to the experimental facility. The only 
difference here is that valve 5 remains closed while the vacuum pump is running. 
4.5 Data Acquisition 
After the vessel is properly charged, a time-temperature plot is sketched with the initial 
and final setpoint temperatures included. Ideally, the initial setpoint is manually entered 
and the system is allowed 8 hours to come to equilibrium. This time allocation is a 
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maximum and can be decreased as long as thennal equilibrium is achieved within the 
facility. During this time, the instrumentation and gear pump are turned on. For proper 
mixing and heat transfer, the potentiometer on the variable speed controller should be set to 
4 or 5. The resistance temperature detectors (channels 1-4) are used to detect the presence 
of thennal gradient between the two phases in the pressure vessel. If all RIDs are within 
± 2.0 F on the digital indicator, the data can be recorded. 
After this ftrst data point is taken, the temperature ramp program is entered into the 
microprocessor. A ramp of 1 F every 4 minutes is suggested to minimize thennal gradients 
in the mixture and still complete each test within 48 hours. The current temperature range 
under investigation is -50 to 250 F, but increased oil viscosity at low temperatures might 
require an elevated starting temperature. After the fIrst data point is taken and the chamber 
is ramping toward the ftnal temperature, a data point is taken approximately every 25 F. 
Currently, the number of data points taken per test is 5 to 12, depending on the viscosity of 
the lubricant in the mixture as the temperature drops below 32 F. 
Regardless of the method used to obtain eqUilibrium mixture temperatures, the 
procedure for recording data remains unchanged. The vapor pressure of the mixture is 
recorded, in pounds per square inch absolute (psia), from the digital pressure readout. 
Each RID temperature is recorded, along with the temperature of Thennocouple 2. 
Thennocouple 2 is used to monitor the chamber temperature and may not be equal to the 
RID temperatures. This usually occurs during temperature ramping since mixture 
temperature lags chamber temperature due to large thennal resistances and small driving 
potentials. The liquid mixture height is the final piece of data recorded. To measure this, 
the pump must be turned off approximately one minute prior to reading the sight glass 
scale. This should be sufficient to give the liquid time to drain from the vessel walls and 
the vapor bubbles time to escape from the mixing loop without disturbing pressure-
temperature equilibrium. A flashlight is used to look through the window of the 
environmental chamber and observe the liquid height. When measuring the liquid-vapor 
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interface height, all readings should be taken at eye level with the meniscus to minimize 
parallax error. The number on the scale (0-310 mm) of the sight glass corresponding to the 
mixture height is recorded along with the five temperatures and vapor pressure. After 
reading the scale, the gear pump is turned on again. The first data point is now dermed at 
the initial setpoint temperature by the following infonnation: vapor pressure, four mixture 
temperatures, one chamber temperature, and liquid mixture height 
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Chapter 5 
PURE REFRIGERANT EXPERIMENTAL RESULTS 
5.1 Baseline Data Generation 
The required accuracy of the experimental test stand is ± 1 percent over the entire 
temperature range of -50 F to 250 F. Prior to mixture data acquisition, this accuracy was 
determined using pure refrigerants R-12 and R-134a and the software package Engineering 
Equation Solver (EES) [15], which uses the Martin-Hou equation of state for refrigerant 
property development and has a range of applicability which includes the saturated and 
superheated regimes. The EES thermophysical property data for pure refrigerants were 
compared with those in the ASHRAE Handbook of Fundamentals [16] over the 
temperature range given above. Agreement between the two sources for pressure, 
temperature and density data were all within ± 1 percent and hence justify the use of EES 
for property development. Data comparison was only necessary for these three properties 
since they are the only ones used in data reduction. 
U sing data obtained from pure refrigerant experimentation, the actual behavior of pure 
refrigerant in the pressure vessel is simulated using EES. This analysis is very simple and 
generates a standard of comparison for the experimental data obtained for any pure 
refrigerant. The only two refrigerants used in the simulation are R-12 and R-134a since 
they are the only refrigerants used in experimentation. 
The simulation begins by correcting the measured pressure, temperatures and liquid 
volume data for the pure refrigerant using the curve fits presented in Table 3.6.1. The total 
mass of refrigerant is recorded when charging the pressure vessel as outlined in Chapter 4. 
With the saturation temperature, saturation pressure and refrigerant mass known, 
conservation of mass is used to determine the expected liquid density of the refrigerant in 
the pressure vessel as follows. First, the vapor volume is determined from the equation: 
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v vapor = V total - Vliquid (S.1.1) 
where 
Vtotal = 0.IS387 
and V 3S.31S(893.S3+7.9608h) [ft3]. liquid. 100000 
The height of the liquid, h (mm), is measured using the scale on the sight glass. The mass 
of refrigerant in the vapor phase, mg [lb], can now be detennined from the equation: 
V 
mg= vapor Vg (S.I.2) 
where Vg [lb/ft3] is the specific volume of the saturated refrigerant vapor. This specific 
volume is calculated using an EES thennophysical function call at the average experimental 
liquid temperature. Although the liquid temperature is used, the liquid and vapor are in 
equilibrium and it makes no difference which temperature is used for property 
detennination. The average liquid temperature is chosen since it is circulated through the 
the heat transfer loop during mixing and is always used as the saturation temperature of the 
pure refrigerant 
In a similar manner, the specific volume of the saturated liquid, and hence its liquid 
density, is detennined. The mass of refrigerant in the liquid phase, mf [lb], is simply the 
difference between the total refrigerant charge and the mass of saturated vapor present in 
the pressure vessel. The experimental liquid density, Pf [lb/ft3], is then calculated as 
follows: 
mf 
pf= Vliquid 
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(S.1.3) 
S.2 Comparison of Pure R-12 Property Data with Experimental Data 
Figure 5.2.1 shows the experimental saturation pressure-temperature data for pure R-12 
superimposed over the actual pressure-temperature curve. The actual curve was generated 
using EES property data. Each one of the 20 experimental data points is defined by the 
average liquid temperature measured with the two independent RID's and the vapor 
pressure measured with the variable capacitance pressure transducer. The total mass of 
refrigerant in the pressure vessel during testing was 6.554 lbs (2972.9 g). Data were 
recorded at 10 F to 20 F temperature increments over the entire 300 F range. The chamber 
ramp was programmed to increase the setpoint temperature by 1 F every 4 minutes. The 
maximum temperature of operation is dictated by the maximum pressure allowed by the 
pressure transducer. Thus, data acquisition was tenninated at 205 F to prevent pressures 
from exceeding 500 psia. The results show good agreement with actual property data. 
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Although the experimental trend shown in the previous graph looks good, a more 
rigorous treatment of the data is necessary to detennine the overall facility accuracy. Figure 
5.2.2 shows the difference between the actual saturation temperature and the measured 
saturation temperature of pure R-12. The actual saturation temperature, denoted as 
T sat(Pmeas) on the y-axis label, is detennined using an EES thennophysical function call for 
temperature as a function of measured saturation pressure. The measured saturation 
temperature, T sat,meas, is the average of the two experimental liquid refrigerant 
temperatures. Ideally, the difference shown in the figure should be zero; that is, anyone 
saturation pressure should define a single saturation temperature. The data obtained for 
pure R-12 over the temperature range of -50 F to 205 F are within ± 0.6 F of the actual 
saturation temperature. 
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Figure 5.2.3 shows the difference between the predicted and experimental liquid density 
for pure R-12. The predicted liquid density, Pliq,predicb was detennined from an EES 
thennophysical function for specific volume as a function of average liquid refrigerant 
temperature and zero quality. The experimental liquid density, Pliq(T sat,meas), is 
detennined using the EES simulation described in Section 5.1. As previously mentioned, 
the pressure-temperature data were obtained using a ramp heat program to increase 
refrigerant temperature. This heat addition induced refrigerant boiling and made it 
impossible to accurately read the height of liquid refrigerant. Thus, the program was 
altered to ramp cool, instead of ramp heat, at a rate of 1 F every 4 minutes. The total mass 
of refrigerant in the pressure vessel during density data acquisition was 6.062 lbs 
(2749.7 g). Due to time constraints and instrumentation malfunction, density deviations 
were only obtained over a limited temperature range of -50 F to 100 F. Nonetheless, these 
differences are within ± 0.5 Ib/ft3, which corresponds to an error of less than 1 %. 
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This experimental data obtained for pure R-12 confinns the validity of the test stand, 
charging procedure, and instrumentation. Since these results are within ± 1 percent of 
actual property data, it is concluded that the overall facility accuracy is also ± 1 percent 
5.3 Comparison of Pure R-134a Property Data with Experimental Data 
Before mixtures of R-134a and synthetic oils were tested, the facility was charged with 
pure R-134a to check instrumentation calibration and material compatibility. Although the 
facility was already verified using pure R-12, approximately four months elapsed between 
completion of mixture testing with R-12 and initial testing with pure R-134a. 
Figure 5.3.1 shows the experimental pressure-temperature data for pure R-134a. The 
actual saturation curve was developed from EES property data. Although the temperature 
range under investigation is -50 F to 250 F, the critical temperature of R -134a, 214.07 F, 
limits the data range analyzed for pure R-I34a. 
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The data for pure R-I34a were obtained using a programmed temperature ramp to cool 
at a rate of 1 F every 4 minutes. The pressure vessel was charged with 5.458 lbs 
(2475.8 g) of refrigerant and data were taken approximately every 25 F. Figure 5.3.2 
shows the saturation temperature deviation between the actual saturation temperature and 
the experimental saturation temperature. The deftnitions for R-134a saturation temperature 
data are consistent with those given previously for pure R-12. The data obtained for pure 
R -134a are within ± 0.7 F of the actual saturation temperature. 
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versus Saturation Temperature for Pure R-134a. 
Figure 5.3.3 shows the deviation between the actual and liquid density for pure R -134a. 
Again, property deftnitions are identical to those provided for pure R-12. The density 
difference is within ± 1.11b/ft3. This deviation corresponds to an error of approximately 
1.2%. Although this error is greater than the 1 % error calculated for pure R -12 density 
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Saturation Temperature for Pure R-134a 
data, it is still sufficiently low. Therefore, experimentation can proceed with mixtures of 
R-134 and synthetic lubricant 
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Chapter 6 
EXPERIMENTAL RESULTS FOR REFRIGERANT -OIL MIXTURES 
6.1 Lubricant Data 
The refrigerants and lubricants chosen for experimental evaluation were selected on the 
basis of their frequency of use in the following two systems: domestic refrigeration and 
automotive air conditioning. Refrigerant R-12 is currently being used with a variety of 
mineral oils in several experimental facilities within the ACRe. Refrigerant R-134a testing 
is also underway. The synthetic lubricants used with R-134a include PAGs and ester-
based oils. 
The mineral oils used with R-12 can be classified by their molecular structure as either 
paraffinic, naphthenic, aromatic, or nonbyd.rocarbon. Paraffms are saturated hydrocarbons 
containing only straight and branched carbon chains. Naphthenes are also saturated but 
contain cyclic or ring structures. Aromatics are unsaturated hydrocarbons in a cyclic 
structure with alternating double bonds between one or more rings. Lastly, 
nonhydrocarbons contain, along with hydrogen and carbon, additional atoms such as 
oxygen, sulfur or nitrogen. Although these classifications exist, they are not mutually 
exclusive. As one of many examples, a paraffinic chain could be attached to an aromatic 
molecule. Therefore, the classification of mineral oils reduces to paraffinic or naphthenic 
categorization. This is determined by which type of molecule is most prevalent in the 
refmedoil. 
The experimentation presented here uses one paraffinic oil and one naphthenic oil with 
R-12. Both these oils are completely miscible with R-12 over the temperature range tested. 
The description and properties of each oil are given below. These data were obtained from 
the manufacturer of each lubricant 
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I. 
ll. 
Manufacturer 
Classification 
Application 
Molecular Weight 
Specific Gravity 
Viscosity (cSt) 
Flash Point 
Pour Point 
Manufacturer 
Classification 
Application 
Molecular Weight 
Specific Gravity 
Viscosity (cSt) 
Flash Point 
Pour Point 
: Witco 
: Naphthenic Mineral Oil 
: Domestic Refrigeration 
: 300 to 350 g/mol 
( 60 F) : 0.8939 
(104 F) : 12.0 
(212 F) : 2.6 
: 290F 
: -75 F 
: BVAOils 
: Paraffinic Mineral Oil 
: Automotive Air Conditioning 
: 500 g/mol 
(68 F) : 0.88 
(104 F) : 102.00 
(212 F) : 11.12 
: 475F 
5F 
Limited solubility of mineral oils with refrigerant R-134a necessitates the use of 
synthetic oils for lubrication. Due to the number of commercially available synthetic oils 
and limited information on each, the only two discussed here are the ones used in 
experimentation. The fIrst is a PAG that exhibits limited miscibility over the temperature 
range tested. An immiscible region exists for mixtures containing 0 to 50 weight percent 
oil at temperatures greater than 125 F. The second is a fully formulated polyol ester-based 
oil. The manufacturer asserts that this lubricant demonstrates "suitable low-temperature 
miscibility in a wide range of concentrations with R-134a". However, no quantitative 
information is provided. As before, property data for each oil is provided. 
ID. Manufacturer 
Classification 
Application 
Molecular Weight 
Specific Gravity 
Viscosity (cSt) 
Flash Point 
Pour Point 
: CPI Engineering Services, Inc. 
: PAG 
: Automotive Air Conditioning 
: 2000 g/mol 
( 68 F) : 0.995 
(100 F) : 156.0 
(210 F) : 24.0 
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: 500F 
: -30F 
N. Manufacturer 
Classification 
Application 
Molecular Weight 
Specific Gravity 
Viscosity (cSt) 
Flash Point 
Pour Point 
: Mobil 
: Ester with Additives 
: Domestic Refrigeration 
: 590 glmol 
( 68 F) : 0.995 
(104 F) : 23.90 
(212 F) : 4.87 
: 245F 
: -54F 
In addition to the lubricant data provided by the manufacturers, it is necessary to know 
density as a function of temperature for each oil. These relations will be used as a basis of 
comparison for mixture densities as well as quantify real mixture deviations from ideal 
behavior. A simple laboratory experiment was constructed to determine density-
temperature relations for each of the four oils used in testing. 
Four 25-milliliter (ml) graduated cylinders, each with a resolution of ± 0.1 ml, were 
partially filled with oil. The mass of each oil was measured using a mass balance and 
accurate within ± 0.1 gram. Lastly, a mercury calibration thermometer, accurate to 
± 0.1 C, was inserted into a 100-ml graduated cylinder partially filled with the paraffinic 
mineral oil. The thermometer was suspended in the center of the graduated cylinder and 
completely immersed in oil to approximate the heat transfer in each of the four smaller 
graduated cylinders. All five samples were then placed on a level surface and set inside the 
environmental temperature chamber. Volumes for each oil were recorded at three separate 
steady-state temperatures; 32.7 F, 119.8 F and 247.4 F. Albright and Lawyer, Loffler, 
and Bambach [17] independently found density to be a linear function of temperature for 
both paraffinic and naphthenic oils. Therefore, three data points were adequate in 
detennining the temperature-density relationship for each lubricant. 
Figure 6.1.1 shows density, Poil [lb/ft3], as a function of temperature [F] for each oil. 
The corresponding linear least-squares curve-fit for each data set is given in Table 6.1.1. 
The slope of each line indicates that lubricant density is a weak function of temperature. 
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Figure 6.1.1 Density-Temperature Relations for Pure Lubricants 
Table 6.1.1 Curve-Fit Equations for Density-Temperature Relations 
Lubricant 
PAG 
Ester 
Naphthenic Mineral Oil 
Paraffinic Mineral Oil 
Curve-Fit Equation 
Poil = 62.365 - 0.024864T 
Poil = 61.387 - 0.024138T 
Poil = 56.211 - 0.020808T 
Poil = 55.370 - 0.020428T 
These data show that the synthetic oils are more dense than mineral oils, with the 
polya1kylene glycol having the highest density at any given temperature. For the mineral 
oils, the naphthenic oil is more dense than the paraffinic oil. These qualitative results for 
mineral oil densities are supported by Albright and Lawyer, Loffler and Bambach. 
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6.2 Mixture Data Acquisition and Reduction 
The acquisition and reduction of the mixture data is similar to the pure refrigerant 
experimental analysis described in Section 5.1. The analysis of the mixture data, however, 
is more complex due to the solubility of the refrigerant in the oil. For any pure refrigerant 
injected into the pressure vessel and existing in the two-phase regime, only one intensive 
property (usually temperature or pressure) and the amount of each phase are required to 
completely derme the system. During pure refrigerant experimentation, pressure, 
temperature, liquid volume and initial refrigerant mass were all measured. The quantity of 
refrigerant in each phase was detennined from simple mass conservation relations. 
Mixtures with two components in each of the two-phases, however, require that two 
intensive properties (temperature and pressure) are known along with the amount of one of 
the components in each phase. During refrigerant-oil experimentation, the four previous 
quantities measured for pure refrigerant analysis, along with initial lubricant mass, are also 
recorded for the mixture. In order to detennine the concentration of one of the components 
in the vapor phase, an expensive and sophisticated technique such as gas chromatography 
is necessary. Summation of mole or mass fractions in each phase can then be employed to 
completely define the system in equilibrium. 
Fortunately, analysis of refrigerant-oil mixtures is simplified due to the large difference 
in vapor pressures between the two components. Spauschus conflnns that the vapor 
pressure of a lubricant is negligible with respect to the refrigerant vapor pressure and hence 
the partial pressure of the refrigerant can be assumed equal to the mixture vapor pressure. 
Therefore, only pure refrigerant exists in the vapor phase of the mixture. Using this 
assumption, the test facility, along with minimal data reduction, is used to detennine 
mixture densities and refrigerant solubilities at equilibrium conditions. Pressure-
temperature relations are also detennined for the same equilibrium conditions. 
Mixture analysis uses EES to reduce the data manually recorded from the refrigerant-oil 
experimentation. These data include four independent temperatures (2 liquid and 2 vapor), 
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one vapor pressure, and the mixture liquid-vapor interface height. These six values, along 
with the masses of refrigerant and oil charges, are used to calculate mixture density and the 
fraction of refrigerant dissolved in the oil. 
This analysis begins by correcting the measured vapor pressure, temperatures and liquid 
volume data as discussed in Section 5.1. The liquid and vapor volumes [ft3] are 
determined from Equation (5.1.1). Note now that V liquid is the volume of the refrigerant-
oil mixture instead of the pure refrigerant Furthermore, the specific volume of the vapor is 
no longer equal to the specific volume of saturated refrigerant vapor since the vapor 
becomes superheated relative to pure refrigerant. Therefore, Equation (5.1.2) is rewritten 
as: 
_ Vvapor 
mg - vg(T,P) (6.2.1) 
where vg(T,P) [ft3/lb] is the superheated specific volume of pure refrigerant as determined 
from an EES thermophysical function call at the average experimental liquid temperature 
(T) and experimental vapor pressure (P). The mass of liquid refrigerant dissolved in the 
oil, mrliq [lb] is now calculated from the equation: 
mrliq = mref - mg (6.2.2) 
where mref [lb] is the known mass of the refrigerant charge. Next, the fraction of the 
refrigerant in the liquid mixture, w, and the mixture mass, mmix [lb], are determined as 
follows: 
mrw. w = --==.!!!~'---
mrliq + moil 
(6.2.3) 
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mmix = mrliq + moil (6.2.4) 
where moil [lb] is the known mass of the oil charge. Finally, the mixture density Pfmix 
[lb/ft3] at equilibrium conditions is calculated from the equation: 
m . Pti . - mIX mIx - Vliquid (6.2.5) 
6.3 Refrigerant R-12/Naphthenic Mineral Oil Experimental Data 
The first mixture tested in the facility contained refrigerant R-12 and naphthenic mineral 
oil. Five different concentrations were tested over the temperature range -50 to 250 F. 
These concentrations, in weight percent refrigerant, are: 85.1 %, 50.5%, 31.2%, 10.3% 
and 1.6%. For this mixture, as well as the others tested, it was not possible to always 
obtain equilibrium data over the entire temperature range for every mixture concentration. 
The limiting condition for the minimum test temperature was the viscosity of the mixture. 
Although both component viscosities increase with decreasing temperature, the contribution 
of oil viscosity greatly influences the overall mixture viscosity. Eventually, the liquid 
becomes too viscous and can longer be pumped through the mixing loop. Since thorough 
mixing is vital in maintaining thermodynamic equilibrium, it would be meaningless to 
continue recording equilibrium data after mixture circulation ceases. 
Figure 6.3.1 shows the pressure-temperature relationship for each mixture 
concentration. The data for pure R-12 (100% R-12) was generated using EES and is 
plotted to serve as a basis of comparison for qualitative analysis of vapor pressure 
reduction due to refrigerant solubility. It is not necessary to show the vapor pressure data 
for pure naphthenic mineral oil since it is considered negligible. As the percent 
composition, by mass of refrigerant, decreases, the deviation between the saturated vapor 
pressure of pure R-12 and the equilibrium vapor pressure of the mixture increases. For the 
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Figure 6.3.1 Pressure-Temperature Data for the Refrigerant R-12/Naphthenic Oil Mixture 
mixture concentration of 85.1 % R-12, the vapor pressure is still reduced by up to 50 psia at 
temperatures greater than 200 F. Therefore, even if the concentration of oil in a or air 
conditioner never exceeds 10% to 15% by mass, its effects on saturation pressure cannot 
be assumed insignificant. 
An example of where this effect is most important is in an evaporator. Here, it would 
not be unrealistic to expect much higher oil concentrations in the liquid, especially at the 
evaporator outlet. As the refrigerant circulates through a system, the oil circulation rate 
mayor may not be the same. If the oil settles on the wall of an evaporator, the recirculation 
rates of the two components could differ greatly. Furthermore, in an evaporator, the oil 
concentration in the liquid will continually increase as the refrigerant vaporizes. The 
combination of these effects verify the need to test mixtures with oil concentrations as high 
as 99% even if there is only a small weight percent of lubricant in the system. 
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Figure 6.3.2 shows the mixture density-temperature relations for the same range of 
temperatures and concentrations. The density data of saturated liquid refrigerant 
(100% R-12) is determined by EES and shown along with the density of naphthenic oil. 
The density of the oil was determined by methods described in Section 6.2. 
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Figure 6.3.2. Density-Temperature Data for the Refrigerant R-I2/Naphthenic Oil Mixture 
Several observations can be made regarding mixture density behavior. First, the 
relationship between density and temperature appears to be linear over the wide range of 
concentrations tested, with deviations from linearity occurring only at concentrations 
greater than 85.1 % R-12. The more disturbing behavior occurs when the mixture density 
exceeds both that of the pure refrigerant and the pure oil. In other words, the specific 
volume of the mixture is less than the specific volume of each pure component. Although 
non-ideal, this decrease in specific volume is not limited to only refrigerant-oil mixtures. 
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For example, ethanol and water, when mixed together, will also have a mixture specific 
volume smaller than that of either component. 
Another way to analyze this decrease in specific volume is to compare real refrigerant-oil 
mixture behavior with that of an idealized mixture containing the same two components. 
The specific volume, Videa} [ft3/lb], of an ideal mixture is determined by the equation: 
Videa! = wvrrer + (l-w)Voil (6.3.1) 
where w is the liquid refrigerant fraction in the mixture, vrrer [ft3/lb] is the specific volume 
of the liquid refrigerant determined from an EES thermophysical function call at the average 
mixture liquid temperature, and Vail [ft3/lb] is the inverse of the lubricant density 
determined from the curve-fit in Table 6.3.1. If a mixture always behaves ideally, its 
measured specific volume should be equal to the weighted sum of the individual specific 
volumes of each component present in the mixture. This, however, is not true for 
refrigerant-oil mixtures. 
The deviation from ideal behavior is quantified by defining a new variable fl V [%] as: 
fl V = l00(Vrrnix - Videal) 
Videal (6.3.2) 
where Vrrnix [ft3/lb] is the reciprocal of mixture density determined from Equation (6.2.5). 
Therefore, for any mixture that behaves ideally, flV = 0.0. This percent deviation from 
ideal behavior was determined for each experimental mixture specific volume except those 
where the average liquid mixture temperature exceeds the critical temperature of pure R-12. 
For temperatures greater than the critical temperature, vrrer becomes undefined. 
Figure 6.3.3 shows how the mixture specific volume deviates from ideal behavior for 
each composition of the R-I2/naphthenic oil mixture. For each set of composition data 
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shown, temperature increases from left to right. H the mixture specific volume and ideal 
specific volume are equal, each data point should lie on the 45-degree line. In general, 
however, the ideal mixture specific volume assumption continually predicts specific 
volumes that are higher than experimentally determined. Furthermore, deviations from 
ideal theory increase with both temperature and weight composition of refrigerant. The 
maximum AV, as determined from Equation (6.3.2) for each refrigerant concentration, is 
given in Table 6.3.1. The temperatures at which these maximum percent deviations occur 
are also given. At 85.1 % R-12, the decrease in specific volume upon mixing is 16.7%. 
This corresponds to a 16.7% increase in mixture density, which supports the qualitative 
results shown in Figure 6.3.2. Similar arguments can be presented to explain the density-
temperature relations for each refrigerant concentration when mixture density exceeds that 
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Figure 6.3.3. Deviations from Ideal Behavior for R-I2/Naphthenic Mineral Oil Mixture 
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Table 6.3.1 Maximum Il.V for R-I2/Naphthenic Mineral Oil Mixture 
Weight Percent Refrigerant Temp. at Max. Il. V [F] Maximum Il.V [%] 
1.60 231.0 -1.50 
10.3 226.0 -3.90 
31.2 226.0 -9.90 
50.5 224.0 -15.7 
85.1 217.0 -16.7 
of each pure component. The deviations from ideal behavior can be attributed to 
intermolecular forces between the refrigerant and lubricant as well as the geometrical 
arrangements of the molecules of each component This analysis was repeated for the three 
remaining refrigerant-oil mixtures and the results are provided in the following sections of 
this chapter. 
6.4 Repeatability of Refrigerant R-12/Naphthenic Mineral Oil Results 
Prior to completing experimental data acquisition and reduction for additional mixtures 
of refrigerant and oil, a repeatability test was performed for one specific composition of the 
mixture containing R-12 and naphthenic mineral oil. Due to limitations in the methods used 
to charge the experimental test facility with refrigerant and oil, it is very difficult to repeat a 
specific test with exactly the same percent composition of each component. In this 
repeatability experiment, a mixture containing 52.4% R-12 by mass was injected into the 
pressure vessel. These results were compared to the existing data obtained for the mixture 
containing 50.5% R-12. Figure 6.4.1 shows the mixture vapor pressure versus 
temperature for both concentrations of R-12. Figure 6.4.2 shows the mixture density 
versus temperature for the same two concentrations. As inferred from these graphs, 
repeatability for vapor pressure and density data are quite good. It is not possible to 
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directly compare the percent deviation between tests since each mixture has a different 
concentration. This + 1.9% difference in R-12 concentration explains the decrease in vapor 
pressure, as temperature increases, for the mixture containing 52.4% R-12. 
6.S Refrigerant R-12lParaffinic Mineral Oil Experimental Data 
The second lubricant tested with R-12 was the less viscous paraffinic mineral oil. For 
this mixture, the concentrations tested, in weight percent R-12, are: 89.1%, 49.6%, 
28.2%, 11.5% and 1.2%. Fewer data points were obtained for this mixture at lower 
temperatures since the increase in lubricant viscosity was more detrimental to fluid mixing. 
Figure 6.5.1 shows the vapor pressure of the mixture as a function of temperature. 
Quantitative comparison of the difference in vapor pressure reduction between the two 
mineral oils is difficult since the refrigerant concentrations in each mixture are not equal. 
Qualitatively, however, there seems to be no appreciable difference in equilibrium pressure-
temperature data. 
Figure 6.5.2 shows the liquid mixture density as a function of temperature. Once again, 
only qualitative comparisons can be made between the two oils. The paraffinic oil mixture 
density is also a weak linear function of temperature, except at high refrigerant 
concentrations and high temperatures, where the mixture density begins deviate from 
linearity. Also, it is evident from this plot that mixture behavior is less than ideal since its 
densities are greater than each individual component density. These data were analyzed 
using the equations developed for determining the change in specific volume upon mixing 
and the results are summarized in Table 6.5.1. In general, these data show an increased 
deviation from ideal mixture behavior as both temperature and refrigerant concentration 
increase. As with the naphthenic mineral oil data, these data also underpredict the specific 
mixture volumes when compared with ideal theory. 
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Table 6.5.1 Maximum av for R-12/Paraffinic Mineral Oil Mixture 
Weight Percent Refrigerant Temp. at Max. a v [F] Maximum av [%] 
1.20 232.8 -0.90 
11.5 229.4 -3.20 
28.2 224.0 -7.80 
49.6 216.0 -12.1 
89.1 208.0 -13.4 
The comparisons with ideal behavior began after the literature review failed to provide 
any simple analytical or empirical models to describe mixture density behavior. For vapor 
pressure behavior, however, Bambach provided an equation for determining the vapor 
pressure of a mixture given its temperature and liquid refrigerant fraction. This relationship 
was derived for mixtures containing R-12 and paraffmic mineral oils, but Hughes and 
McMullan indicated that these relations could also be used to describe the solubility of one 
particular naphthenic mineral oil. These relations are: 
10glO(P) = 4.9972 - 0.558w·O.5 - 1177.67 -i8. 7 53w-O·5 = A, for T < 0 C 
and 
10glO(P) = A - (T-273.16)[0.OO2338(w - 0.6)2 - 0.000075], for T > 0 C 
where P [bars] is the mixture vapor pressure, T [K] is the mixture temperature and w is the 
liquid refrigerant fraction. Using these equations, anyone of the three unknowns can be 
determined given the values of the other two. For each refrigerant-oil combination and 
concentration, P, T and w were either directly measured or calculated from simple 
conservation equations. The experimental data can now be compared with the values 
predicted by the model. 
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The data for the mixture ofR-12 and parafflnic oil were compared with these relations 
since both the refrigerant and the lubricant are of the same type used by Bambach. 
Comparison of vapor pressure data was easiest since calculating predicted vapor pressures 
require no iteration since T and w are known. Figure 6.5.3 shows the percent error 
between measured mixture vapor pressure, Pmeas [psia], and predicted vapor pressure, 
PBambach [psia]. The predicted vapor pressure was calculated from Bambach's relations 
using the experimental values of T and w for each mixture concentration. Again, the 
experimental temperature, T, is the average liquid temperature of the mixture. 
These results agree within 10% over the range of temperatures tested for concentrations 
greater than 28.5% R-12. For mixtures containing high oil concentrations, however, the 
deviation between modeled and measured vapor pressure is signiflcant. Speciflcally, for 
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Refrigerant R -12/Paraffmic Oil Mixture 
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the 1.2% R-12 data, the model is no longer accurate in predicting mixture vapor pressures. 
Therefore, either this particular data set is bad or there are limitations in the model. 
Bambach's original work was written in German and not translated into English. 
Therefore, it is not known if his relations can be applied to all mixture concentrations, or if 
they are applicable only over a certain range of compositions. Since the validity and 
repeatability of the experimental facility have be verified previously, the deviations are 
attributed to limitations in the model. This is a reasonable conclusion since the term w-O·5 
approaches infinity while the term 10glO(P) approaches negative infinity as the 
concentration of refrigerant in the mixture approaches zero. 
6.6 Refrigerant R-134a1Polyalkylene (PAG) Oil Experimental Data 
Mter R-12/mineral oil testing was completed, R-12 was replaced with R-134a and the 
mineral oils were replaced with several synthetic oils. The first synthetic lubricant tested 
was the PAG oil. For this mixture, six, as opposed to five, mixture concentrations were 
tested. They are, in weight percent R-I34a: 83.2%, 65.7%,45.2%, 28.3%, 12.8%, and 
6.9%. The viscosity of this particular oil was even greater than that of the paraffinic 
mineral oil. Therefore, a higher initial refrigerant concentration, 6.9% instead of about 
1.0%, along with elevated temperatures, was needed to achieve circulation through the 
mixing loop. 
Figure 6.6.1 shows the vapor pressure data as a function of temperature. Once again, 
the solubility of refrigerant in oil results in a decrease in mixture vapor pressure. Here, 
however, the solubility effects on vapor pressure reduction are not as significant as those 
experienced by the R-I21mineral oil mixture. This is evident by comparing vapor pressure 
data with the saturation pressure of pure refrigerant at concentrations greater than 45.2% 
refrigerant. The mixture containing R-134a shows no significant deviation from pure 
refrigerant behavior. The mixture containing 45.2% R-134a has a maximum reduction in 
65 
1~~--~----+----+----~--~--~~ 
F 
1 • 
: 0 1 • i· 
.. -0 .................... 1 ................... 1 ..... 0 ... 0 .. . 
1 • • ~ 0 0 ~ 
~ 0 1 1 
100 
i c i i 
10 
o I:. . 100.%' R134a 
• 83.2% R134a 
....... · .. · .. ·l .... · .. · ...... · .... ·l·· ...... ··· .... ·····t .... · <> 65.7% R134a 
iii • 45.2% R134a 
iii 0 28.3% R134a 
1 i i • 12.8% R134a ! ! ! c 6.90% R134a 
1~----~----+---~~---+----~----~ 
-50 o 50 100 150 200 250 
Temperature [F] 
Figure 6.6.1. Pressure-Temperature Data for the Refrigerant R-134a/PAG Oil Mixture 
100 
80 
~ 
.... 
rn 60 c:: ~~ 
~g 40 ~ 
--- 100.% R134a 
• 83.2% R134a 
<> 65.7% R134a 
• 45.2% R134a 
o 28.3% R134a 
20 • 12.8% R134a 
o 6.90% R 134a 
- - _.- - - 0.00% R134a 
0 
-50 o 50 100 150 200 250 
Temperature [F] 
Figure 6.6.2 Density-Temperature Data for the Refrigerant R -134a/P AG Oil Mixture 
66 
vapor pressure of 12.0 psia while the two concentrations greater than 45.2% have 
maximum reductions of less than 5.0 psia. Recall that for the R-12 mixtures, these 
reductions were on the order of 50 psia for concentrations containing approximately 85% 
refrigerant. This, however, does not indicate that the solubility effects of R -134a in oil are 
negligible, since it is still likely that the evaporator outlet will have a much lower 
concentration than 45% refrigerant. 
Figure 6.6.2 shows the density-temperature data for the same concentrations. Again, 
the mixture densities decrease with temperature and are linear except at high refrigerant 
concentrations. Here, however, at high temperatures, the increase in refrigerant mass in 
the mixture does not correspond to a continual increase in deviations from ideal behavior. 
This is verified by calculating Il. V for each data point. Table 6.6.1 shows a summary of the 
maximum values of Il. V for each concentration. 
Table 6.6.1 Maximum Il. V for R-134a/P AG Oil Mixture 
Weight Percent Refrigerant Temp. at Max. Il. V [F] Maximum Il. V [%] 
6.90 189.1 -4.40 
12.8 207.3 -6.90 
28.3 204.2 -10.8 
45.2 198.2 -14.1 
65.7 148.5 -9.70 
83.2 196.0 -5.64 
The results in this table verify that the deviations from ideal behavior do not continue to 
increase with both temperature and concentration. Instead, for each concentration, Il. V 
initially increases with temperature but appears to have a maximum at approximately 50% 
R-134a. Although somewhat misleading since no data exists above 148.5 F for the 
mixture containing 65.7% R-134a, comparison between Il.V values for 45.2% and 83.2% 
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R-134a defmitely indicate a decrease in deviation from ideal behavior as concentration 
increases. 
The vapor pressures and densities for this mixture seem to indicate that the effect of oil 
on thennodynamic properties of pure refrigerants are not as severe for R -134a as they are 
for R-12. This can be attributed to intennolecular forces between components and/or 
immiscibility of the lubricant in pure refrigerant. If the attractions between R-134a and 
synthetic oil molecules are weaker than those between R-12 and mineral oil, it is more 
likely that R-134a molecules will vaporize due to temperature excitation. More molecules 
of refrigerant in the vapor phase of the mixture will result in smaller deviations from 
saturation conditions. 
On the other hand, if the refrigerant and oil are completely immiscible, then the vapor 
pressure of the mixture will be equal to the saturation pressure of pure refrigerant and ll. V 
for the mixture will be zero. During experimentation, the mixture was continually observed 
through the sight glass of the pressure vessel. No immiscibility was observed for any 
mixture of R-12 and mineral oil. For mixtures of R-134a and PAG oil, partial 
immiscibility occurred at high temperatures/high concentrations and at low temperatures. 
These observations are given in Appendix A. The immiscibilities at high temperatures and 
concentrations are supported by the manufacturer's data. 
Although knowledge of the immiscibility regions is important, rigorous analysis of 
these effects on thennodynamic properties is avoided due to its complexity. Furthennore, 
it is dangerous to operate a real system under these conditions since compressor damage 
may occur due to inadequate oil recirculation. Returning to the comparison of solubility 
effects between R-12 and R-134a, data in the completely miscible region verify that vapor 
pressure reduction is smaller for mixtures of R-134a and PAG oil. As before, quantitative 
analysis is difficult due to the variable temperatures and concentrations of each data point. 
As one example, the mixture containing 28.2% R-12 at 177 F has a vapor pressure that is 
155.6 psia less than the saturation pressure of pure R-12 at the same temperature. Under 
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approximately these same conditions, 28.3% R-134a and 179 F, the deviation between 
vapor pressures for R-134a/PAG oil and pure R-134a is only 123.4 psia. As for the 
comparison between specific mixture volume, no trends between different mixtures were 
evident. 
6.7 Refrigerant R-134a1Ester Oil Experimental Data 
The last mixture tested in the experimental test facility contains R-134a and the ester-
based oil with additives. As with the previous R-134a!synthetic oil mixture, six 
concentrations were tested. They are, in weight percent R-134a: 5.4%, 11.2%, 24.9%, 
48.8%, 76.3% and 90%. Although the ester was much less viscous than the PAG, initial 
experimentation began with 5.4% refrigerant for consistency. Figure 6.7.1 shows the 
vapor pressure-temperature relations and Figure 6.7.2 shows the mixture density-
temperature relations. 
The solubility effects on vapor pressure data for both R-134a mixtures are similar. 
Again, for mixture concentrations above 50% refrigerant, the maximum reduction of vapor 
pressure are on the order of 5.0 psia. Although the manufacturer states that the ester is 
miscible with R-134a, a partially immiscible region was observed for the following 
concentrations: 76.3% R-134a and 90.0% R-134a (Appendix A). These immiscibilities, 
however, all occurred at temperatures less than 0 F. Therefore, it is unlikely that 
immiscibility could be solely responsible for the minimal decrease in vapor pressure at high 
refrigerant concentrations and high temperatures. 
The qualitative trends in mixture density behavior for R -134a and ester oil are consistent 
with the previous discussions. Again, intennolecular attractions and immiscibility might 
contribute to a decrease in flV at low temperatures, but at high temperatures, no immiscible 
region was detected. Table 6.7.1 gives the maximum values for flV for each R-134a 
concentration. Again, the maximum deviation from ideal behavior occurs at approximately 
50.0% R-134a. 
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Before, comparison between R-134a and R-12 mixtures was difficult since the PAG oil 
had several regions of immiscibility. Now, however, the miscibility of the ester-based oil 
at high temperatures allows vapor pressure and mixture density trends to be analyzed, 
especially at high temperatures, where the effects on equilibrium conditions are greatest for 
mixtures of R-12 and mineral oil. Here, the decrease in vapor pressure reduction and AV 
for the mixture of R-I34a and ester oil verify that solubility effects are less significant when 
compared with R-I21mineral oil mixtures with similar lubricant properties. 
Table 6.7.1 Maximum AV for R-134alEster Oil Mixture 
Weight Percent Refrigerant Temp. at Max. AV [F] Maximum AV [%] 
5.40 194.0 -3.10 
11.2 198.0 -4.50 
24.9 197.0 -8.04 
48.8 208.0 -18.5 
76.3 173.0 -12.0 
90.0 180.0 -6.80 
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Chapter 7 
EQUILIBRIUM CONDITIONS FOR REFRIGERANT -OIL MIXTURES 
7.1 Criteria for Model Development 
It has been shown that the solubility effects of refrigerant in oil can result in significant 
deviations between the thennodynamic properties of the refrigerant-lubricant mixtures and 
those of the pure refrigerants. To date, a majority of system analyses exclude the effects of 
oil addition and model air conditioning and refrigeration systems with the state equations 
for pure refrigerants. One goal of this project is to provide models that will predict 
equilibrium pressure-temperature-concentration behavior at equilibrium conditions for the 
refrigerant-oil mixtures used in the ACRC test facilities. Once these models are developed, 
they can be used to replace the pure refrigerant thennodynamic functions and hopefully 
decrease inconsistencies between system simulations and physical behavior. 
Certain criteria should be considered when detennining the equation fonns used to 
predict equilibrium conditions for these refrigerant-oil mixtures. First, when possible, the 
thennodynamic models of the mixture should be a function of the thennodynamic 
properties of the pure components. Also, generalized analytical models are preferred to 
empirical models since they minimize the need for experimental data. If these models are 
based on fundamental principles and theory, they should apply to a whole family of 
refrigerant-oil mixtures, and again, decrease the need for expensive test facilities. Lastly, 
the equation fonns should be simple to minimize computation time when analyzing 
complex systems. 
The mixture data in this research compare actual equilibrium pressure-temperature-
concentration relations with those predicted by two simple theories; Raoult's Rule and 
Flory-Huggins polymer theory. Both these models have limited applicability. As a result 
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of the inadequacies of these theories, empirical models are developed to predict the 
equilibrium conditions for each mixture. 
7.2 Raoult's Rule 
One of the simplest theories used to predict the behavior of liquid solutions was 
developed by Francois-Marie Raoult in 1886. This rule states that the partial pressure of 
each component in a mixture is equal to the product of the vapor pressure of the pure 
component and its mole fraction in the liquid phase. At moderate pressures, this is a good 
approximation if the molecular size and polarity of each component are very similar. This 
relation is exact only when the two components are chemically identical. Any mixture 
(solution) in which the component vapor pressures are described by Raoult's Rule is called 
an ideal solution. For real solutions such as refrigerant-oil mixtures, it is more common to 
use Raoult's Rule as a reference and analyze the deviations between theory and 
experimental solubility relations. 
The simplicity of this theory makes it an attractive candidate for predicting mixture vapor 
pressures at equilibrium conditions for refrigerant-oil mixtures. The partial pressure, 
Pi, for each component, i, using Raoult's Rule [18], is given by the equation: 
Pi = YfiPsat,i(f) (7.2.1) 
where Yfi is the mole fraction of component i in the liquid phase and Psat,i(T) is the 
saturation vapor pressure of pure liquid i at the mixture temperature, T. Recall that the 
saturation vapor pressure for each lubricant is much smaller than the saturation vapor 
pressure of pure refrigerant. Therefore, it is assumed that the partial pressure of the 
refrigerant in the mixture is equal to the vapor pressure of the mixture. 
In addition to the simplifying assumptions inherent in the development of Equation 
(7.2.1), further information must be included in order to apply this relation to the 
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experimental data obtained for the mixtures of refrigerant and oil. As shown in the 
previous chapter, the mixture vapor pressures were recorded over the temperature range 
from -50 F to 250 F. The critical temperatures, however, are only 233.6 F for pure R-12 
and 214.0 F for pure R-I34a. Therefore, it would be impossible to determine Psat,i(1) for 
those data points where T is greater than the critical temperature of the pure refrigerant. In 
these cases, straight-line extrapolation of the pure refrigerant pressure-temperature curve 
given by the equation In(Psat> = A + BT-l, where A and B are empirical constants, is used 
to determine a value for Psat,i(1). Although this saturation pressure has no physical 
meaning at temperatures above critical conditions, it allows all data to be compared with 
ideal theory. 
Figure 7.2.1 shows the predicted vapor pressure from Raoult's Rule versus the 
measured vapor pressure for each refrigerant-oil mixture. Deviations from ideal solution 
behavior are much smaller for the mixtures ofR-12 and mineral oil. The ratio of lubricant 
to refrigerant molecular weight is smaller for these mixtures. Therefore, the difference in 
molecular size between pure R-12 and mineral oil is smaller than the difference between 
pure R -134a and synthetic oil. For mixtures of R -134a and PAG oil, where the molecular 
weight ratio is approximately 20, the solution exhibits strong negative deviations from 
Raoult's Rule. This means that molecular attraction is greater between refrigerant-oil 
molecules than between pure component molecules. Therefore, the molecules are held 
more firmly in the mixture than in the pure components. 
It is not surprising to find that Raoult's Rule is inadequate in predicting vapor pressures 
of mixtures at equilibrium. First, the dependence of this theory on molecular size limits its 
use to mixtures with similar component molecular weights. Also, Equation (7.2.1) is 
completely independent of the nature of the solvent. In other words, at any temperature 
and partial pressure, the solubility of the gas will be the same in any solvent. Observation 
of the data for each pair of refrigerant-oil mixtures show that this is not correct. Because of 
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Figure 7.2.1. Comparison of Measured Vapor Pressures with Raoult's Rule 
the limiting conditions of this model, it should only be used to approximate the solubility 
relations of refrigerant-oil mixtures. 
7.3 Flory-Huggins Theory 
In binary mixtures, strong negative deviations from Raoult's Rule occur when one 
component consists of very large molecules. This non-ideal behavior is typical of solutions 
containing solutes that are high molecular weight polymers. For mixtures composed of 
"normal" solvents and amorphous polymers, the Flory-Huggins theory is usually adequate 
in describing equilibrium relations. Thomas, Wu, and Pham proposed that mixtures of 
R-134a and modified PAG's are well represented by this theory. Therefore, an attempt is 
made to predict equilibrium pressure-temperature-concentration relations for the 
R-134a/PAG mixture data presented in Chapter 6. 
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The general equations used in the Flory-Huggins analysis are presented here without 
rigorous discussion. The development of this theory is clearly presented by Flory [19], 
Prausnitz [20], and Reid [21] and there is no need to repeat it here. The two primary 
variables used in analysis are the volume fractions of each component in the liquid phase. 
Volume fractions are different than mole fractions since molar volumes of polymers are 
much larger than those of the solvents. The volume fractions for refrigerant and oil, cl>1 and 
cl>2, respectively, are dermed as: 
Ylvi 
cl>1=----
Ylvi + Y2v~ and (7.3.1) 
where Yl and Y2 are the respective liquid mole fractions and vi and vi are the respective 
liquid molar volumes. Knowledge of the molecular weight and liquid density of each 
component enable cl>1 and cI>2 to be determined for the R-1343/P AG oil mixture. The activity 
of the refrigerant, 11, is then calculated from the Flory-Huggins equation: 
(7.3.3) 
where m is the ratio of liquid molar volumes, vi/vi, and X is the Flory interaction 
parameter. rJ1is parameter is a function of the intermolecular forces between mixture 
molecules. Before this theory can be applied to the R-134a/PAG mixture, the activity 
coefficient ofR-I34a must be determined. If the refrigerant-oil mixture is indeed a polymer 
solution, then the activity coefficient is given by the equation: 
P 1 
11 = Psat(1) Fl 
76 
(7.3.4) 
where P is the vapor pressure of the mixture, Psat(T) is the saturation pressure of pure 
R-134a at the mixture temperature, T, and Fl is a correction factor. At low or moderate 
pressures, Fl is equal to unity. Therefore, the activity of the refrigerant is equal to the 
relative vapor pressure, P/Psat(T), of the mixture. These equations can now be used to 
predict the vapor pressure-temperature relations for the R-1348/PAO mixture. 
Figure 7.3.1 shows the measured vapor pressure and the vapor pressure predicted by 
the Flory-Huggins theory for each concentration of R-134a over the temperature range of 
-50 to 250 F. A wide range of values for X were tried, and deviations between theory and 
experimental data were minimal for values of X between -4 and -5. Qualitatively, this 
theory provides good approximations for vapor pressure behavior for mixture 
concentrations greater than 45.2% R-134a at low and moderate pressures. For 
concentrations less than 45.2% refrigerant, strong negative deviations occur between 
polymer solution theory and experimental results. 
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77 
Comparison of results between Raoult's Rule and Flory-Huggins theory, for mixtures 
of R-134a/PAG oil, show that the deviations between predicted and measured vapor 
pressures are smaller for Flory-Huggins theory. Quantitatively, the average percent error 
between experimental and theoretical vapor pressures, for each mixture concentration, is 
calculated from the equation: 
n 
Average Percent Error = l00~Pmeas(i) - P~odel(i) 
n £..J Pmeas(l) (7.3.5) 
i=l 
where Pmeas [psia] in the experimental vapor pressure, Pmodel [psia] is the predicted vapor 
pressure, and n is the number of data points recorded at each concentration during 
experimentation. These results are shown in Table 7.3.1. The increase in accuracy for 
predicting mixture vapor pressures is most noticeable at the three lower mixture 
concentrations. For concentrations greater than 45.2% refrigerant, both methods are 
equally good. Therefore, the Flory-Huggins theory is better than Raoult's Rule at 
predicting vapor pressure behavior for refrigerant-polymer solutions over the range of 
concentrations tested. However, it is important to realize that there are limitations in the 
Flory-Huggins theory. A brief discussion of these limitations follows. 
Table 7.3.1. Average Percent Error for Mixtures of R -1343/P AG oil 
Mixture Concentration n Average Percent Error [%] 
[% mass of refrigerant] Raoult's Rule Flo]Y-Hu~ns Theory 
6.9 6 -145.0 20.0 
12.8 8 -91.0 -17.0 
28.3 8 -20.0 -8.0 
45.2 10 1.9 4.5 
65.7 6 3.6 3.1 
83.2 8 0.6 0.3 
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In theory, the adjustable Flory interaction parameter, X, is independent of polymer 
concentration. When searching for values of this parameter to accurately predict mixture 
vapor pressures, X was found to be a function of polymer, or lubricant, concentration. 
This may be attributed to the polarity of the PAG molecules, but chemical analysis of 
mixtures is beyond the scope of this research. Furthermore, the correction factor in the 
activity coefficient is set equal to unity; thus limiting application to low and moderate 
mixture vapor pressures only. Lastly, it is possible that the difference in molecular weights 
between R-134a and PAG oil is not large enough to justify treating the mixture as a 
polymer solution. As a result, Flory-Huggins theory, like Raoult's Rule, only provides 
rough estimates for predicting the equilibrium pressure-temperature-concentration behavior 
of refrigerant-oil mixtures. 
7.4 Empirical Models 
Although analytical models for describing the thermodynamic behavior of refrigerant-oil 
mixtures are more fundamental, current practice is to develop empirical correlations to 
predict the equilibrium pressure-temperature-concentration relations for these mixtures. 
The major emphasis of the research presented here was to develop empirical models that 
could accurately predict the solubility effects of all four refrigerant-oil mixtures over the 
range of concentrations and temperatures tested in the experimental facility. Once available, 
these models can be used in domestic refrigeration and mobile air conditioning system 
analysis as well as the tribology experimentation conducted in the ACRC. Applications of 
these models are discussed in Chapter 8. 
Pure refrigerant saturation pressure is a function of temperature only. Therefore, if 
either temperature or pressure is known, the other variable can be calculated. Mixture 
vapor pressure, however, is a function of two independent variables such as temperature 
and refrigerant solubility. Recall that the empirical relations given by Bambach in Chapter 
6 show that vapor pressure is a function of temperature and liquid refrigerant fraction. 
79 
Additional work by other researchers also model pressure as a function of these same two 
independent variables. In this research, these same three variables are used in the 
development of empirical models used to describe solubility effects at equilibrium 
conditions. Temperature and pressure are easily measured and knowledge of the amount of 
refrigerant dissolved in the oil is useful in tribology experimentation. 
An extensive search was conducted to find a simple, accurate form for the empirical 
models. A seven-term model was developed and applied to all four refrigerant-oil 
mixtures. This model is given by the equation: 
where, 
and 
1'* = (l-w)(A + BP) 
T* T - Tsat(P) 
Tsat(P) 
X2 
A = Xl + wl/2 ' 
X4 !i~EL B = X3 + wl!2 + w + w3!2 + w2 . 
(7.4.1) 
The non-dimensional degree of superheat for the refrigerant-oil mixture, 1'*, is a function 
of the mixture temperature, T [R], and the saturation temperature of the pure refrigerant~ 
T sat(P) [R], where P [psia] is the vapor pressure of the mixture. The liquid refrigerant 
fraction, w, is defined by Equation (6.3.2) and variables Xl through X7 are empirical 
constants determined from a multivariate linear least-squares regression for each set of 
mixture data. Table 7.4.1 gives the value of each coefficient for all four refrigerant-oil 
mixtures. Temperature, instead of pressure, is chosen as the dependent variable since the 
mixture vapor pressure is always less than the the critical pressure of pure refrigerant even 
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Table 7.4.1. Values of Empirical Coefficients for Each Refrigerant-Oil Mixture 
Coefficient R-I2/Naphthene R-12/Paraffm R-I34a/PAG R -134a/Ester 
Xl -5.9927652 x 10-3 -4.2228968 x 10-2 -7.1524667 x 10-2 -5.4964676 x 10-2 
x2 4.1661510 x 10-2 4.9286931 x 10-2 5.9851602 x 10-2 5.1860596 x 10-2 
X3 2.0046597 x 10-3 6.2133988 x 10-4 1.7133122 x 10-3 1.3049085 x 10-3 
X4 -3.2682848 x 10-3 -1.1808886 x 10-3 -2.9748674 x 10-3 -2.1282918 x 10-3 
x5 1. 7368443 x 10-3 6.9783556 x 10-4 1.7002776 x 10-3 1.1342558 x 10-3 
X6 -2.8552230 x 10-4 -1.0561788 x 10-4 -3.7562142 x 10-4 -2.1369437 x 10-4 
X7 1.6092949 x 10-5 4.8713812 x 10-6 2.9984011 x 10-5 1.5013213 x 10-5 
though the mixture temperature exceeds the critical temperature of pure refrigerant. 
Therefore, 1'* is defmed over the entire range of test conditions. 
These empirical models will be used to determine equilibrium pressures and 
temperatures in domestic refrigeration and mobile air conditioning systems and the amount 
of refrigerant dissolved in the oil in tribology experimentation. Therefore, although the 
model explicitly calculates mixture temperatures when pressure and solubility data are 
known, it should be equally accurate in determining mixture vapor pressures given 
temperature-concentration data and liquid refrigerant fractions given pressure-temperature 
data. The qualitative results for each of the three cases are given below for the 
R-12/naphthenic mineral oil mixture. 
Figure 7.4.1 shows the measured vapor pressures recorded during experimentation 
along with the vapor pressures predicted by Equation (7.4.1) for the R-12/naphthenic 
mineral oil mixture. The predicted vapor pressures are calculated at the average 
experimental liquid temperatures and the liquid refrigerant fractions corresponding to each 
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for R-l2/Naphthenic Mineral Oil 
measured vapor pressure. As shown, this model is accurate in predicting mixture vapor 
pressures at equilibrium conditions over the range of temperatures and concentrations 
tested. This plot is not repeated for each of the three additional mixtures tested because 
qualitative results are similar. However, a summary of the error analysis for each vapor 
pressure model is given below. 
Table 7.4.1 gives the absolute values for the maximum difference and maximum percent 
error along with the root mean square error for each mixture. The number of data points 
used in each model is also given. The maximum difference, Pmax [psia] and maximum 
percent error, PEmax [%], between experimental vapor pressure data and predicted vapor 
pressures are calculated from the equations: 
Pmax = IPmodel - Pmeasl and 
max 
PEmax = 1001 Pmeas - Pmodell (7 4 1) Pmeas max .. 
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The root mean square error, RMS [psia], is given by the equation: 
RMS= 
1 Dobs 
n...: L[Pmodel(i) - Pmeas(i)]2 AAubs. 1 1= 
(7.4.2) 
where nobs is the number of data points used in model development. Since maximum 
difference and maximum percent error can be misleading, the percent error is given for each 
maximum deviation and the pressure deviation is given for each maximum percent error. 
Table 7.4.1. Summary of the Error Analysis for Each Refrigerant-Oil Mixture 
Maximum Difference Maximum Percent Error RMS 
Mixture Type I10hg (percent Error) (Pressure Difference) [psia] 
9.1 pSla 10.1 % 
R-I2/Naphthene 67 (2.0 %) (0.85 psia) 2.23 
5.4 psia 6.9% 
R-121Paraffin 53 0.6 %) (0.51 psia) 1.64 
5.6 pSla 16.4 % 
R-134a/PAG 64 (1.2 %) (3.0 psia) 1.78 
6.6 pSIa 20.4% 
R-134a1Ester 73 (1.9 %) (1.0 psia) 1.84 
Although these empirical models can be used to accurately predict mixture vapor 
pressures given temperature and liquid refrigerant fraction data, it is important that the 
models also be able to predict temperatures and liquid refrigerant fractions. Figure 7.4.2 
shows that given vapor pressure and solubility data for mixtures of R-12 and naphthenic 
mineral oil, the empirical model is equally good at predicting mixture temperatures at 
equilibrium conditions. As before, these trends can be generalized to the other mixtures so 
there is no need to show additional plots. 
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Model for R-l2/Naphthenic Mineral Oil 
Lastly, liquid refrigerant fraction can be modeled given pressure-temperature data for 
each mixture of refrigerant and oil. Figure 7.4.3 shows the liquid refrigerant fraction data 
for R-12/naphthenic mineral oil and the liquid fractions predicted by the empirical model. 
Here, however, the model is only accurate in predicting refrigerant solubility within ± 10% 
over the entire range of temperatures and pressures. These deviations are even more severe 
for the mixtures of R-134a and synthetic oil. Figure 7.4.4 shows the same liquid 
refrigerant plot for the R-134a1ester data. Here, it is evident that the empirical models are 
no longer accurate in predicting liquid refrigerant fractions for mixture concentrations of 
R-l34a and synthetic oil containing more than 50% refrigerant by mass. 
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The empirical models presented in this chapter can be used to accurately predict vapor 
pressures and temperatures for mixtures of R-l2/mineral oil and R-1343/synthetic oil over 
the range of concentrations tested (I % to 100% refrigerant). There are, however, several 
limitations in the model. First, when the concentration of refrigerant in the mixture 
approaches zero, the term w-x, where x is the power, approaches infinity. Therefore, there 
is indeed some lower limit, below approximately 1 % refrigerant, where the model is no 
longer accurate in predicting equilibrium conditions for refrigerant-oil mixtures. 
The second limitation is obvious as indicated by the previous two figures comparing 
liquid refrigerant fraction data with predicted results. Here, the models are not capable of 
predicting the solubility of refrigerant in the oil with any degree of accuracy at high 
refrigerant concentrations. The inadequacies can be attributed to the minimal effects of oil 
addition on thermodynamic properties of refrigerant-oil mixtures at high refrigerant 
concentrations. Recall that degradations from pure refrigerant behavior are minimal at these 
high refrigerant mass fractions, especially for mixtures ofR-134a and synthetic oil. 
It is also possible that immiscibilities between R-134a and oil might contribute to model 
inaccuracies. For immiscible mixtures, according to Gibb's Phase Rule, pressure and 
temperature are independent of composition. Therefore, it is unnecessary to model 
pressure-temperature as a function of liquid refrigerant fraction. Although observation 
during testing revealed only several regions of immiscibility, it is still possible that 
separation between pure components occurred. Regardless of these limitations, the 
empirical models described in this chapter can still be used to accurately predict solubility 
behavior for refrigerant-oil mixtures over a wide range of temperatures and compositions. 
86 
Chapter 8 
APPLICATIONS 
8.1 Evaporator Capacity 
The work previously presented concentrates on model development used to predict 
solubility behavior of refrigerant-oil mixtures. The empirical models were shown to be 
accurate in predicting pressure-temperature behavior at equilibrium and are now used to 
develop idealized enthalpy relationships for these same mixtures. Although the addition of 
oil affects the entire system of a refrigerator and air conditioner, it is in the evaporator that 
these effects are most detrimental. Therefore, the enthalpy models developed in this 
chapter are used to show the decrease in evaporator capacity attributed to the solubility of 
the refrigerant in the oil. 
The enthalpy for each refrigerant-oil mixture is determined from the contributions of 
four components. They are: liquid and vapor enthalpy of pure refrigerant, enthalpy of pure 
lubricant, and heat of solution of the refrigerant in the oil. Hughes and McMullan indicate 
that the contribution of the heat of solution to mixture enthalpy can be neglected. The pure 
refrigerant enthalpies [Btu/lb] are determined from EES thermophysical function calls 
represented by the equations: 
hf = h(T,x=O) and hg = h(T,P) (8.1.1) 
where hf is the liquid enthalpy at the mixture temperature, T [FJ, and quality, x, of zero and 
hg is the vapor enthalpy at the temperature and vapor pressure, P [psia], of the mixture. 
The enthalpy of pure oil is detennined by integrating the specific heat of each lubricant at a 
reference temperature of -40 F (-40 C). For consistency, this temperature was chosen to be 
equal to the reference temperature used in EES to determine pure refrigerant enthalpies. 
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For mineral oils, the lubricant enthalpy, hoil [Btu/lb], as given by Hughes, is determined 
from the equation: 
(8.1.2) 
where T [F] is the temperature of the refrigerant-oil mixture. The enthalpies for the two 
synthetic lubricants are calculated from the equation: 
T 
boil = Jcp dT 
-4 F 
(8.1.3) 
where the specific heat, cp [Btu/lb'F], for the synthetic lubricants is approximated by the 
relation: 
cp = 0.48 + 0.OOO3T (8.1.4) 
Now, the individual component enthalpies can be added together to determine the overall 
mixture enthalpy, hmix [Btu/lb], as given by the equation: 
where, 
and 
hmix = (l-x)(l-c)(hf - hf,ref) + x(l-c)(hg - hg,ref) + C(hoil - hoil,ref) 
_ mass of refrigerant vapor 
x - total mass of refrigerant ' 
mass of oil 
c = mass of oil + total mass of refrigerant' 
hf,ref = h(T ref,X=O) [Btu/lb] , 
hg,ref = h(Tref,X=O) [Btu/lb], 
hoil,ref = hoil(T ref) [Btu/lb]. 
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(8.1.5) 
The reference enthalpies of each component are included so the evaporator capacity for each 
refrigerant-oil mixture can be easily determined at a given set of evaporator conditions. 
This expression for mixture enthalpy, along with several assumptions, can now be used 
to analyze evaporator behavior for a refrigerant-oil mixture by calculating evaporator 
capacity. First, for each refrigerant-oil mixture, a pure refrigerant saturation temperature in 
the evaporator must be specified. This saturation temperature is then used to determine the 
pressure of pure refrigerant in the two-phase regime using EES. The saturation 
temperature is also equal to the reference temperature, Tref, used in Equation (8.1.5). The 
mixture vapor pressure, Psat, is set equal to the vapor pressure of pure refrigerant and 
assumed constant throughout the evaporator. Furthermore, the liquid refrigerant fraction, 
w, must be specified as a function of quality, x, and oil concentration, c, in order to 
determine the mixture enthalpy. This relationship is given by the equation: 
1 w=------
1 + [l~Il~xJ (8.1.6) 
If the quality, x, oil concentration, c, and saturation temperature are given, the actual 
mixture temperature in the evaporator can be determined from the empirical relations given 
in Equation (7.4.1), where P=Psat as defined above and w is determined from Equation 
(8.1.6). It is this mixture temperature, T, that is used to determine the enthalpies of each 
component and, hence, the evaporator capacity. 
When neglecting the presence of oil in system analysis, the evaporator capacity is easily 
determined by specifying the saturation pressure, inlet quality and the amount of superheat 
at the evaporator outlet. For mixture analysis, this procedure can also be used, but now the 
apparent superheat, instead of superheat, is specified at the evaporator outlet. Apparent 
superheat is defined as the difference between the mixture temperature at some liquid 
refrigerant fraction, w, and pressure, Psat, and the temperature of saturated pure refrigerant 
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at this same pressure. Although this defmition is consistent with the superheat definition 
for pure refrigerants, the refrigerant in the mixture is two-phase at apparent superheated 
conditions. Since both liquid refrigerant and superheated vapor are present in the system, 
evaporator capacities for refrigerant-oil mixtures are determined by specifying the amount 
of apparent superheat at the evaporator outlet, inlet quality, and saturation pressure. 
Figure 8.1.1 shows the temperature-enthalpy profIle in an evaporator in a domestic 
refrigerator using R-12 and naphthenic mineral oil and operating at a constant pressure, 
Psat. of 19.18 psia (Tree = -10 F). The liquid refrigerant fraction was determined by 
specifying the oil concentration in the system, which is constant, and varying the quality 
from 0 to 0.999 as the refrigerant boils. The pure refrigerant enthalpy data (c=O.O%) were 
determined using EES. The enthalpies of three mixture compositions, c=1.0%, 5.0%, and 
10.0%, were determined using Equation (8.1.5). The decrease in evaporator capacity, for 
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Figure 8.1.1. Temperature-Enthalpy Relations for R-12/Naphthenic Mineral Oil 
[Tree = -10.0 F, Psat = 19.18 psia] 
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a fixed outlet temperature, as oil concentration increases is obvious. To quantify this 
decrease, consider an evaporator operating at 19.18 psia with an inlet quality of 20% and 
5 F of apparent superheat at the outlet. The four capacities at these conditions, in order of 
increasing oil concentration, are: 56.6, 53.9,43.0, and 29.3 Btu/lb. The percent reduction 
in evaporator capacity, for a given set of conditions, is detennined from the equation: 
(8.1.7) 
where Abo [Btu/lb] is the evaporator capacity for pure refrigerant and Ahi [Btu/lb] is the 
evaporator capacity for the mixture containing i% oil. From this equation, the addition of 
10% oil (i=10), by mass, can cause a decrease in evaporator capacity as high as 46.7%. 
Figure 8.1.2 shows the temperature-enthalpy profiles in an evaporator of an automotive 
air conditioner using R-12 and paraffinic mineral oil. Here, the saturation pressure in the 
evaporator is 43.14 psia (T ref = 30 F). Again, the same four oil concentrations are used for 
determining mixture enthalpies. In an evaporator operating at this pressure, with inlet and 
outlet conditions specified above, the capacities are determined using the same procedure. 
Capacities are also determined for an evaporator in a refrigerator and automotive air 
conditioner using mixtures of R-134a/ester and R-134aIPAG respectively. The 
temperature-enthalpy profiles are not shown for these two mixtures since the qualitative 
results are similar to those shown for mixtures of R-12 and mineral oil. However, the 
quantitative results calculated from Equation (8.1.7) for all four mixtures are summarized in 
Table 8.1.1. 
The evaporator capacities for all four mixtures decrease as the oil concentrations 
increase. The solubility effects are more appreciable in the evaporators containing R-12 
and mineral oil. For example, at Tref = -10 F and c = 10%, there is a 46.7% decrease in 
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Table 8.1.1. Summary of Evaporator Capacity Reduction for each Refrigerant-Oil Mixture 
[Inlet Quality = 20%, Apparent Outlet Superheat = 5 F] 
Mixture Tree Psat Evaporator Capacity Reduction [%] 
[F] [psia] c=1.0% c=5.0% c=10.0% 
R-I2/Naphthene -10.0 19.18 4.9 31.4 46.7 
R-134aJEster -10.0 16.68 1.9 11.3 25.7 
R-12/Paraffm 30.0 43.14 2.7 15.6 37.2 
R-I34a/PAG 30.0 40.83 2.1 12.0 27.1 
evaporator capacity for the R-I21naphthene mixture compared to only a 25.7% decrease for 
the R-134a1ester mixture. Since the evaporator capacity is affected by the amount of 
refrigerant remaining in solution, this behavior is best explained by determining the percent 
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of liquid refrigerant dissolved in the oil at the evaporator outlet The results of this analysis 
are presented in the next section. 
8.2 Liquid Refrigerant Solubility 
The amount of apparent superheat in the evaporator can also be determined and was 
defmed previously as the difference between the mixture temperature and the saturation 
temperature of pure refrigerant at any point in an evaporator. The mixture temperature. is 
determined from empirical correlations and the saturation temperature, which is equal to the 
reference temperature, is specified. At a given degree of apparent superheat, if the amount 
of liquid refrigerant dissolved in the lubricant increases with increasing oil concentration, 
then the capacity of the evaporator should decrease since less refrigerant will have 
evaporated. 
Figure 8.2.1 shows the amount of liquid refrigerant held in solution as a function of 
apparent superheat for mixtures of R-12 and naphthenic mineral oil. The percent of liquid 
refrigerant in the mixture, z [%], is determined from the equation: 
z = 100(l-x) (8.2.1) 
Only three mixture concentrations are included since the percent of liquid refrigerant in an 
evaporator is zero for superheated pure refrigerant (c = 0%). Figure 8.2.2 shows the same 
profiles for the mixtures of R-12 and paraffinic mineral oil. The qualitative results for 
R-134a/synthetic oil mixtures are similar. and thus these plots are not repeated. The 
amount of liquid R-134a dissolved in synthetic oil. however, is consistently lower than the 
amount of liquid R-12 dissolved in mineral oil. 
This increased refrigerant solubility in mixtures ofR-12 and mineral oil is analyzed by 
returning to the evaporator example presented in Section 8.1. Recall that the inlet quality is 
20% and 5 F of apparent superheat is present at the evaporator outlet. The amount of 
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Table 8.2.1. Summary of Refrigerant Solubilities for each Refrigerant-Oil Mixture 
[Inlet Quality = 20%, Apparent Outlet Superheat = 5 F] 
Mixture Tref Psat z [%] 
[F] [psia] c=1.0% c=5.0% c=10.0% 
R-121Naphthene -10.0 19.18 3.0 16.0 34.0 
R-134alEster -10.0 16.68 0.9 4.6 9.8 
R-121Paraffm 30.0 43.14 1.4 7.3 15.5 
R-l34a/PAG 30.0 40.83 0.8 4.0 8.4 
refrigerant dissolved in oil for each mixture is summarized in Table 8.2.1. These results 
verify that more refrigerant will remain in solution in mixtures of R-12/mineral oil. This 
increased solubility results in lower evaporator capacities for these same mixtures at given 
set of conditions. Therefore, the increase in evaporator capacity for mixtures of 
R-l34a/synthetic oil is explained by the decrease in amount of liquid refrigerant dissolved 
in the mixture. 
The effects of oil addition on evaporator performance, for concentrations greater than 
5%, cannot be neglected. It is also important to realize that even if the overall oil 
concentration in a system does not exceed 5%, the local oil concentration in an evaporator 
can be much higher. This was briefly explained in Section 6.3, but warrants further 
discussion. In an evaporator, the oil recirculating rate is defined as the rate at which the 
lubricant flows past a given location in the evaporator. As the mixture of refrigerant and oil 
circulates through the evaporator, the oil can accumulate on the heat exchanger walls. 
Thus, oil velocity, and hence oil recirculation, decreases resulting in an increase in oil 
concentration. The combination of these effects can result in reductions in evaporator 
capacity that are greater than those given in Table 8.1.1. 
Finally, recall that the empirical models used to develop the idealized enthalpy equations 
were derived from data collected at equilibrium. At these conditions, no temperature 
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gradients existed between the phases and the vapor pressure was unifonn throughout the 
pressure vessel. In a real system, however, the refrigerant-oil mixture will not likely be at 
equilibrium, especially in the heat exchangers. Therefore, the presence of these non-
equilibrium conditions can also contribute to the decrease in evaporator capacity. These 
effects of refrigerant solubility and non-equilibrium conditions on refrigeration and air 
conditioning system perfonnance emphasize the need for continued research in the 
development of thennodynamic models for refrigerant-oil mixtures. 
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Chapter 9 
CONCLUSION 
9.1 Research Summary 
An experimental facility has been designed to test refrigerant-oil mixtures and obtain 
pressure-temperature-concentration data at equilibrium conditions. This apparatus is 
capable of testing mixtures with concentrations from 0 to 100% refrigerant at temperatures 
from -50 to 250 F and pressures up to 500 psia. The experimental accuracy of the 
measurements is ± 1.0%. Four different refrigerant-oil mixtures were tested, and the 
results follow. 
Equilibrium data were obtained for five mixture concentrations of R-12/naphthenic 
mineral oil and R-12/paraffinic mineral oil. These results were compared with the data 
recorded for six mixture concentrations of R-134a1ester oil and R-134a1PAG. The 
deviations between mixture vapor pressure and pure refrigerant vapor pressure, at a given 
temperature and concentration, were consistently smaller for mixtures of R-134a and 
synthetic oil. For mixtures using R-134a, vapor pressure reductions were less than 
5 psia for concentrations greater than 65.7% R-134a. At similar conditions, these 
reductions for mixtures of R-12 and mineral oil were on the order of 50 psia. 
Mixture densities for each refrigerant-oil combination were also calculated and the 
results were compared with ideal density relations. For mixtures of R-12 and mineral oil, 
deviations between measured and ideal specific volumes increased with increasing 
temperature and refrigerant concentration. For mixtures of R-l34a and synthetic oil, these 
deviations reached a maximum at concentrations of approximately 50% refrigerant. These 
deviations are attributed to intermolecular attractions and geometrical arrangement of 
refrigerant and lubricant molecules. 
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Equilibrium data were used to develop empirical models to predict pressure-temperature-
solubility relations for all four refrigerant-oil mixtures. Each model predicts the apparent 
degree of superheat as a function of mixture vapor pressure and liquid refrigerant fraction. 
The models can be used to accurately predict mixture vapor pressure and temperature over 
the entire range of test conditions. The model is also accurate at predicting the fraction of 
liquid refrigerant dissolved in oil for concentrations less than 50% refrigerant 
Two theories were also used to predict vapor pressure-temperature behavior for 
refrigerant-oil mixtures. Raoult's Rule was used to predict vapor pressure relations for all 
four mixtures. Although deviations between theory and experiment are small for mixtures 
of R-12 and mineral oil, Raoult's Rule is not as accurate as the empirical models. Strong 
deviations from Raoult's Rule occurred for mixtures of R-134a/PAG. For this mixture, 
Flory-Huggins theory was used, and although deviations decreased using this theory, it is 
still not as accurate as the empirical models. 
The models were used to develop idealized mixture enthalpy relations for all four 
, refrigerant-oil mixtures. These enthalpy relations were used to simulate evaporator 
performance in both domestic refrigerators and mobile air conditioners. Assuming an inlet 
quality, pressure, and a degree of apparent superheat at the evaporator outlet, evaporator 
capacity was calculated. In both systems, the reduction in evaporator capacity, at a given 
overall oil concentration, was consistently greater for mixtures of R-12 and mineral oil. 
9.2 Recommendations for Future Research 
Although this research provides an in-depth analysis of the solubility behavior of 
refrigerant-oil mixtures, there are several modifications that can be made to improve data 
integrity. First, the implementation of a computerized data acquisition system would give a 
continuous record of temperatures and pressures present in the pressure vessel during 
experimentation. This would help determine when the system reaches equilibrium and 
possibly decrease test time. Also, limited data were recorded at low temperatures due to 
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insufficient mixture circulation. Replacing the current motor and mixing loop with a more 
powerful motor and larger diameter tubing would permit data acquisition over the entire 
temperature range of -50 to 250 F. Lastly, it has been suggested that a viscometer be added 
to the mixing loop to study the effects of lubricant solubility on pure refrigerant viscosity. 
The development of empirical models was emphasized in this research. In the future, 
development of analytical models to predict pressure-temperature-solubility relations for 
refrigerant-oil mixtures should be rigorously pursued. Although idealized enthalpies were 
developed in Chapter 8, relationships for additional thermodynamic properties for these 
mixtures would be useful. Data acquisition for new refrigerant-oil combinations should be 
continued as necessary to support the other ACRC research projects. Lastly, a protocol for 
testing non-azeotropic refrigerant mixtures (NARMs) and oil combinations should be 
developed and implemented to facilitate NARMs-oil thermodynamic analysis. 
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APPENDIX A. Experimental Data 
The actual experimental data for each refrigerant-oil mixture is given below. The data 
sets for each mixture are arranged in order of increasing refrigerant concentration. The type 
and mass of each component, along with the test date, are also provided above each data 
run. All immiscibilities are indicated and accompanied by a brief description of the 
observations. Preceding the actual results are the definitions and units of each abbreviation 
used in the tables. 
RID1: 
R1D2: 
RID3: 
R1D4: 
Pressure: 
Height: 
Definition of Abbreviations 
Mixture Vapor Temperature Measured By RID #1 [F] 
Mixture Vapor Temperature Measured By RID #2 [F] 
Mixture Liquid Temperature Measured By RID #3 [F] 
Mixture Liquid Temperature Measured By RID #4 [F] 
Vapor Pressure of the Mixture [psia] 
Height of the Liquid-Vapor Interface [mm] 
REFRIGERANT : R-12 (30.6g) 
LUBRICANT : Naphthenic Mineral Oil (1832.8g) 
REFRIGERANT CONC. : 1.64% 
TEST DATE : 8/l0/91 
RTDI RTD2 RTD3 RTD4 Pressure 
[F] [F] [F] [F] [,Esia] 
244.6 244.7 244.6 245.6 17.8 
230.9 230.8 231.2 232.0 16.4 
178.1 181.3 181.1 181.0 12.7 
168.4 169.4 169.5 170.3 12.0 
147.5 148.8 149.1 149.2 10.4 
123.9 124.3 124.3 125.4 8.7 
107.4 107.3 108.0 108.5 7.40 
82.7 82.8 83.3 84.6 5.65 
54.0 55.3 54.8 55.4 3.95 
33.3 31.6 37.3 37.8 3.1 
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Height 
[mm] 
169.0 
167.0 
160.0 
159.5 
157.0 
156.0 
153.0 
152.0 
149.0 
147.0 
REFRIGERANT : R-12 (21O.1g) 
LUBRICANT : Naphthenic Mineral Oil (1832.8g) 
REFRIGERANT CONC. : 10.3% 
TEST DATE : 8/23/91 
RTDI RTD2 RTD3 RTD4 Pressure Height 
[F] [F] [F] [F] [}!sia] [mm] 
23.4 22.6 24.3 24.5 12.2 163.5 
53.5 54.4 53.7 53.7 18.8 164.0 
76.7 77.1 77.8 78.0 24.9 165.0 
105.5 105.7 106.2 106.4 34.7 168.0 
120.7 121.4 121.5 121.8 40.7 169.0 
144.0 144.6 144.9 145.1 50.2 172.0 
178.4 178.9 179.2 179.2 65.7 175.5 
201.2 201.6 202.3 202.4 76.6 178.0 
225.0 225.6 226.1 226.1 88.5 180.5 
244.3 244.7 244.9 245.6 98.2 182.5 
REFRIGERANT : R-12 (686.7g) 
LUBRICANT : Naphthenic Mineral Oil (1517.0g) 
REFRIGERANT CONC. : 31.2% 
TEST DATE : 8/8/91 
RTDI RTD2 RTD3 RTD4 Pressure Height 
[F] [F] ~ [F] [}!sia] [mm] 
-44.8 -45.3 -44.7 -43.9 7.2 152.0 
-22.7 -23.4 -23.8 -23.0 10.05 154.0 
3.7 3.5 3.6 4.3 17.8 157.5 
24.0 24.2 23.7 24.2 26.5 162.5 
51.3 50.9 51.6 52.1 40.4 162.5 
80.9 81.1 81.3 81.4 61.5 161.5 
105.0 105.2 105.1 105.5 83.5 163.5 
123.1 123.4 123.2 123.9 102.1 164.5 
148.2 148.3 148.4 148.9 133.6 165.0 
172.2 172.4 172.0 172.8 166.4 167.0 
196.0 196.9 196.0 197.0 203.3 169.0 
225.2 225.6 225.4 226.3 250.9 170.0 
249.4 249.7 249.5 250.2 290.6 172.0 
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REFRIGERANT : R-12 (1545.9g) 
LUBRICANT : Naphthenic Mineral Oil (1517.0g) 
REFRIGERANT CONC. : 50.5% 
TEST DATE : 8/12/91 
RTDI RTD2 RTD3 RTD4 Pressure Height 
[F] [F] [F] [F] [,Esia] [mm] 
3.0 2.9 3.2 3.7 22.0 230.5 
30.6 29.5 31.2 32.8 36.7 234.5 
50.7 50.7 50.4 50.8 51.4 240.0 
69.7 69.8 69.9 70.4 68.8 239.5 
90.1 90.3 90.7 91.0 93.0 244.5 
118.4 118.6 118.4 119.1 131.8 247.0 
149.8 150.2 150.1 150.9 189.2 251.5 
169.8 169.8 169.7 170.5 234.6 254.5 
195.1 195.1 195.0 196.0 298.3 257.0 
224.1 224.1 224.0 225.0 380.3 260.0 
246.8 247.0 246.8 248.0 454.0 262.0 
REFRIGERANT : R-12 (597.9g) 
LUBRICANT : Naphthenic Mineral Oil (543.2g) 
REFRIGERANT CONC. : 52.4% 
TEST DATE : 8{l8/91 
RTDI RTD2 RTD3 RTD4 Pressure Height 
[F] [F] [F] [F] [,Esia] [mm] 
-16.4 -17.4 -16.0 -16.6 14.5 10.0 
9.1 9.2 . 9.8 10.7 24.6 11.0 
40.4 40.8 40.7 41.8 43.3 11.0 
64.3 64.8 65.1 65.6 62.4 9.5 
85.7 86.1 86.4 86.9 84.2 9.5 
109.1 109.6 110.7 111.2 113.8 7.0 
135.0 135.8 135.7 136.6 147.8 4.0 
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REFRIGERANT : R-12 (3101.1g) 
LUBRICANT : Naphthenic Mineral Oil (543.2g) 
REFRIGERANT CONC. : 85.1% 
TEST DATE : 9/1/91 
RTDI RTD2 RTD3 RTD4 Pressure Height 
[F] [F] [F] [F] [Esia] [mm] 
-44.7 -46.7 -44.7 -44.4 8.6 222.0 
-20.1 -20.1 -20.2 -19.6 15.1 228.5 
9.3 9.5 8.6 8.9 28.2 235.5 
28.0 28.1 28.2 28.7 40.4 239.0 
57.9 57.8 57.4 57.6 67.0 248.0 
80.5 80.4 80.2 80.2 94.8 254.0 
100.2 100.2 100.1 100.2 124.6 259.0 
117.2 116.9 117.1 117.1 155.9 266.0 
144.6 144.8 145.1 145.0 219.1 275.0 
170.2 170.6 171.0 171.4 288.8 285.0 
197.5 198.3 198.1 198.3 385.0 297.5 
215.8 215.7 217.0 217.5 456.2 306.0 
REFRIGERANT : R-12 (19.1g) 
LUBRICANT : Paraffinic Mineral Oil (1589.6g) 
REFRIGERANT CONC. : 1.2% 
TEST DATE : 9/4/91 
RTDI RTD2 RTD3 RTD4 Pressure Height 
[F] [F] [F] [F] [Esia] [mm] 
153.0 153.7 154.4 155.4 8.2 126.5 
176.0 176.4 177.0 178.7 9.5 128.5 
205.8 206.2 206.8 208.4 11.4 131.0 
231.0 231.4 232.2 233.8 13.1 134.0 
253.2 254.0 254.7 255.7 14.7 136.5 
REFRIGERANT : R-12 (205.8g) 
LUBRICANT : ParaffInic Mineral Oil (1589.6g) 
REFRIGERANT CONC. : 11.5% 
TEST DATE : 9/6/91 
RTDI RTD2 RTD3 RTD4 Pressure Height 
[F] [F] [F] [F] [Esia] [mm] 
96.7 97.0 97.1 96.6 40.4 139 
134.8 135.7 134.9 135.9 59.5 140.5 
152.8 153.5 153.3 153.9 69.1 141.5 
175.0 175.8 175.2 176.2 81.6 143.0 
204.6 205.2 204.7 205.7 99.1 145.0 
228.7 229.3 229.3 229.4 113.5 147.5 
247.6 247.9 247.6 248.8 122.9 148.5 
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REFRIGERANT : R-12 (625.7g) 
LUBRICANT : Paraffinic Mineral Oil (1589.6g) 
REFRIGERANT CONC. : 28.2% 
TEST DATE : 9n/91 
RTDl RTD2 RTD3 RTD4 Pressure Height 
[F] [F] [F] [F] [Esia] [mm] 
55.1 54.0 55.2 55.2 47.3 170.0 
75.3 75.8 75.3 75.9 62.6 171.0 
94.1 94.8 94.1 94.8 79.7 173.0 
115.3 116.0 115.7 116.0 102.1 174.5 
143.3 144.2 143.5 143.8 136.0 175.5 
176.5 177.3 177.1 177.3 182.9 176.5 
203.1 203.7 203.6 203.6 224.1 178.0 
223.7 224.2 223.9 224.3 257.7 179.5 
241.0 241.4 241.3 241.9 286.8 180.0 
REFRIGERANT : R-12 (1564.5g) 
LUBRICANT : Paraffinic Mineral Oil (1589.6g) 
REFRIGERANT CONC. : 49.6% 
TEST DATE : 9/9/91 
RTDl RTD2 RTD3 RTD4 Pressure Height 
[F] [F] [F] [F] [Esia] [mm] 
19.8 19.0 19.1 21.1 33.5 251.5 
36.9 36.6 36.7 37.6 45.3 253.0 
61.1 61.6 61.1 61.8 66.8 257.5 
82.0 82.6 82.2 82.6 91.1 260.5 
91.1 91.5 91.5 91.6 103.1 261.5 
121.4 121.9 122.5 121.7 152.0 265.0 
146.3 146.5 146.2 146.8 203.4 269.0 
172.2 172.8 172.8 172.8 268.7 271.5 
190.4 190.9 191.0 191.0 321.6 273.5 
215.5 215.7 216.3 216.1 403.8 274.5 
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REFRIGERANT : R-12 (2262.3g) 
LUBRICANT : Paraffinic Mineral Oil (277.2g) 
REFRIGERANT CONC. : 89.1% 
TEST DATE : 9/15/91 
RTDI RTD2 RTD3 RTD4 Pressure Height 
[F] [F] [F] [F] [Esia] [mm] 
0.9 0.1 0.7 2.0 24.7 122.5 
14.8 15.2 14.8 15.5 32.7 126.0 
39.3 39.7 39.3 39.9 51.1 130.0 
58.9 59.4 59.0 59.9 71.1 133.5 
77.5 77.8 77.2 78.1 94.4 133.0 
107.4 107.8 107.4 108.4 143.5 136.5 
137.2 137.4 137.2 137.9 208.6 140.0 
165.8 166.1 166.0 166.7 290.5 145.0 
181.1 181.6 181.4 182.2 343.0 145.0 
208.1 208.5 208.3 209.2 452.8 130.0 
REFRIGERANT : R-134a (143.0g) 
LUBRICANT : PAG (1932.1g) 
REFRIGERANT CONC. : 6.9% 
TEST DATE : IOn/91 
RTDI RTD2 RTD3 RTD4 Pressure Height 
[F] [F] [F] [F] [Esia] [mm] 
58.3 58.4 59.9 61.4 19.1 140.0 
86.8 86.5 88.3 88.7 25.5 144.5 
112.8 112.6 113.3 113.8 35.4 147.0 
138.7 139.1 138.7 139.3 47.4 148.5 
162.3 162.5 162.8 163.4 59.8 150.0 
188.5 188.6 188.9 189.6 74.3 153.0 
215.0 214.9 215.3 215.9 89.5 155.5 
229.5 230.7 229.9 230.4 98.1 157.5 
245.0 246.1 245.2 245.9 107.1 159.0 
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REFRIGERANT : R-134a (284.7g) 
LUBRICANT : PAG (1932.1g) 
REFRIGERANT CONC. : 12.84% 
TEST DATE : 10/10/91 
RTDI RTDl RTD3 RTD4 Pressure Height 
[F] [F] [F] [F] [,esia] [mm] 
44.1 43.6 46.8 46.6 22.9 154.0 
66.7 66.6 68.4 68.3 33.3 156.0 
96.3 96.3 96.9 97.7 50.9 158.0 
116.7 116.8 116.8 117.8 66.4 159.5 
138.0 138.1 138.2 138.9 85.0 161.5 
159.8 159.8 160.4 160.6 105.5 163.0 
179.4 179.2 179.9 180.2 125.6 164.5 
207.0 207.7 207.0 207.9 155.6 166.5 
224.6 224.7 224.4 225.3 175.2 167.5 
244.0 244.4 243.7 244.9 197.5 169.0 
REFRIGERANT : R-134a (763.8g) 
LUBRICANT : PAG (1932.1g) 
REFRIGERANT CONC. : 28.3% 
TEST DATE : 10/13/91 
RTDI RTDl RTD3 RTD4 Pressure Height 
[F] [F] [F] [F] [,esia] [mm] 
32.8 32.0 33.4 33.2 33.3 197.5 
53.1 52.5 54.2 54.6 49.0 199.0 
74.2 74.0 74.3 75.0 69.7 202.5 
98.7 98.9 98.5 99.3 100.8 204.0 
124.3 124.6 124.0 125.0 144.0 206.0 
154.1 154.6 154.2 154.8 210.1 208.0 
178.8 179.1 178.7 179.3 271.7 208.0 
204.2 204.7 204.0 204.7 342.3 208.0 
225.2 225.3 224.8 225.6 403.2 207.0 
244.5 244.8 244.5 245.6 462.0 206.5 
108 
REFRIGERANT : R-I34a (1596.6g) 
LUBRICANT : PAG (1932.1g) 
REFRIGERANT CONC. : 45.2% 
TEST DATE : 10/15/91 
RTDI RTD2 RTD3 RTD4 
[F] 
-V2.9 [F] [F] -12.8 -16.5 -16.8 
-0.2 -2.5 -1.0 -0.4 
10.9 10.0 10.2 10.5 
32.8 32.0 32.2 33.5 
58.4 58.2 58.0 59.3 
85.0 83.8 83.6 84.5 
109.2 108.4 108.1 109.1 
141.1 140.4 140.2 141.1 
162.2 162.3 161.5 162.7 
192.9 193.3 192.3 193.1 
197.8 197.9 197.7 198.9 
ISepatated liquid levels; both clear in color 
2Separated liquid levels; both clear in color 
3Mixture was opaque; darker in color at lower liquid levels 
REFRIGERANT : R-134a (863.0g) 
LUBRICANT : PAG (450.3g) 
REFRIGERANT CONC. : 65.7% 
TEST DATE : 11/14/91 
RfDI RTD2 RTD3 RTD4 
[F] [F] [F] [F] 
28.4 27.7 27.3 28.0 
52.2 52.2 51.5 52.8 
71.9 725.2 71.5 73.7 
94.7 95.1 94.2 96.4 
120.9 121.2 120.6 122.5 
148.0 148.3 147.7 149.5 
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Pressure Height 
[:esia] [mm] 
15.0 266.01 
20.0 271.02 
25.8 272.53 
41.1 277.0 
66.6 283.0 
104.2 286.5 
152.0 291.0 
236.8 296.5 
313.4 297.5 
454.9 297.5 
480.6 295.0 
Pressure Height 
[:esia] [mm] 
39.5 21.0 
63.0 21.0 
89.1 19.5 
128.0 15.5 
187.7 10.5 
268.8 0.0 
REFRIGERANT : R-134a (2223.4g) 
LUBRICANT : PAG (450.3g) 
REFRIGERANT CONC. : 83.2% 
TEST DATE : 11/14/91 
RTDI RTD2 RTD3 RTD4 Pressure 
[F] [F] [F] [F] 
196.2 196.4 196.0 197.1 
177.0 177.5 176.9 178.0 
151.4 151.6 ·151.8 152.4 
131.4 131.9 131.4 132.4 
103.2 103.3 103.1 104.0 
78.8 78.7 78.5 79.6 
52.1 52.1 51.9 52.8 
28.9 28.6 28.5 29.4 
4Separated liquid levels; top layer is clear, bottom layer is "foamy" 
5Separated liquid levels; top layer is clear, bottom layer is "foamy" 
6Separated liquid levels; both layers are clear 
7Separated liquid levels; both layers are clear 
REFRIGERANT : R-134a (98.9g) 
LUBRICANT : Ester (1747.7g) 
REFRIGERANT CONC. : 5.36% 
TEST DATE : 10/21/9 
[,esia] 
479.8 
384.6 
281.1 
215.9 
145.4 
99.6 
63.2 
40.6 
RTDI RTD2 RTD3 RTD4 Pressure 
[F] [F] [F] [F] [,esia] 
2.6 2.8 6.2 7.3 5.7 
25.9 25.8 29.3 29.8 8.1 
49.8 49.6 50.6 51.7 11.5 
73.0 72.9 73.1 74.4 16.1 
99.8 99.9 99.7 100.9 22.7 
124.6 125.0 124.3 125.6 29.9 
147.3 147.8 147.3 148.3 37.2 
170.3 170.2 170.5 171.7 45.2 
193.6 193.4 193.7 195.0 53.6 
221.2 221.2 221.0 222.4 63.8 
241.9 241.6 241.9 243.3 71.6 
248.9 249.2 248.9 250.2 73.0 
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Height 
[mm] 
209.0 
197.0 
181.0 
179.04 
172.05 
167.56 
161.07 
155.5 
Height 
[mm] 
116.0 
119.5 
119.5 
122.0 
124.0 
127.0 
128.0 
130.0 
132.0 
135.0 
137.0 
137.5 
REFRIGERANT : R-134a (220.3g) 
LUBRICANT : Ester (1747.7g) 
REFRIGERANT CONC. : 11.2% 
TEST DATE : 10/25/91 
RTDI RTD2 RTD3 RTD4 Pressure Height 
[F] [F] [F] [F] [Esia] [mm] 
3.9 3.2 6.9 7.9 10.0 126.0 
29.4 27.9 29.8 31.2 15.6 128.5 
50.3 50.0 50.8 52.5 22.5 130.5 
74.6 74.2 74.4 76.4 32.2 132.5 
99.1 99.1 98.7 100.4 44.9 134.5 
124.6 125.0 124.5 125.9 60.5 137.0 
147.5 148.1 147.6 148.8 76.1 137.5 
173.2 173.5 173.5 174.7 95.2 139.0 
197.8 198.4 198.4 199.5 113.2 142.0 
223.4 223.5 223.2 225.1 132.5 143.5 
247.5 248.4 247.5 249.1 151.8 145.0 
REFRIGERANT : R-134a (578.8g) 
LUBRICANT : Ester (1747.7g) 
REFRIGERANT CONC. : 24.88% 
TEST DATE : 10/30/91 
RTDI RTD2 RTD3 RTD4 Pressure Height 
[F] [F] [F] [F] [Esia] [mm] 
4.7 3.1 4.5 6.2 17.3 160.0 
28.2 27.3 27.3 30.0 27.9 163.0 
50.3 49.8 49.7 53.9 41.7 164.5 
74.1 74.0 73.7 75.3 61.7 166.5 
96.3 96.3 96.7 97.5 86.1 167.5 
121.5 121.2 121.3 122.7 117.6 168.5 
146.7 147.0 147.0 149.0 156.3 169.5 
173.6 174.0 173.2 174.7 203.1 170.5 
197.8 198.1 197.8 198.8 249.6 171.5 
223.2 223.4 222.8 224.3 300.7 172.5 
247.3 247.5 247.2 248.5 350.1 173.0 
111 
REFRIGERANT : R-134a (1599.9g) 
LUBRICANT : Ester (1747.7g) 
REFRIGERANT CONC. : 48.8% 
TEST DATE : 11/4/91 
RTDI RTD2 RTD3 RTD4 Pressure Height 
[F] [F] [F] [F] [,esia] [mm] 
-18.2 -19.9 -18.3 -18.8 13.9 251.0 
3.8 2.9 3.1 3.3 22.7 256.5 
27.6 26.5 26.6 26.9 37.2 259.5 
49.8 49.5 51.0 50.9 56.7 264.5 
71.8 71.8 72.0 72.9 82.9 269.0 
99.7 99.5 99.4 100.4 126.0 274.5 
124.8 125.1 125.1 126.1 180.8 278.5 
148.1 148.0 147.6 149.8 245.3 282.5 
173.0 173.0 171.4 173.4 328.9 285.0 
194.6 194.6 193.3 195.7 417.4 285.0 
209.0 209.0 207.7 210.0 484.4 284.0 
REFRIGERANT : R-134a (1113.2g) 
LUBRICANT : Ester (345.3g) 
REFRIGERANT CONC. : 76.3% 
TEST DATE : 11/8/91 
RTDI RTD2 RTD3 RTD4 Pressure Height 
[F] [F] [F] [F] [1Sia] [mm] 
172.2 173.1 172.4 174.0 50.2 7.0 
148.2 148.5 148.3 149.6 261.7 21.5 
125.6 125.8 125.6 127.8 194.8 28.0 
99.5 99.7 99.6 102.2 134.3 32.0 
78.6 79.0 78.4 80.2 97.0 33.0 
53.4 53.5 53.0 54.8 63.2 35.0 
29.5 29.3 29.0 30.7 40.5 34.0 
3.6 3.3 3.1 4.9 23.6 33.0 
-19.3 -19.0 -17.3 -18.1 13.7 31.08 . 
8Separated layers; both layers "cloudy" 
112 
REFRIGERANT 
LUBRICANT 
REFRIGERANT CONC. 
TEST DATE 
RTDI 
[F] 
179.9 
159.6 
125.6 
104.5 
70.1 
41.9 
11.6 
-10.0 
RTD2 
[F] 
180.8 
160.0 
126.7 
105.2 
69.1 
41.2 
11.0 
-10.6 
: R-134a (3093.2g) 
: Ester (345.3g) 
: 90.0% 
: 11/10/91 
RTD3 
[F] 
179.4 
159.0 
125.2 
104.2 
69.7 
41.5 
10.9 
-11.2 
RTD4 
[F] 
181.3 
160.7 
126.9 
106.0 
71.4 
43.3 
12.8 
-9.6 
9Separated layers; both layers "cloudy" 
113 
Pressure 
[psia] 
388.2 
304.1 
196.4 
145.7 
84.9 
51.7 
28.0 
17.3 
Height 
[mm] 
310.0 
292.0 
270.0 
259.5 
245.5 
236.0 
224.0 
______ 9 
